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FOREWORD

Washington University Technology Associates is pleased to submit this Final
Report on The Yawing of Wind Turbines With Blade Cyclic Pitch Variation under
Solar Energy Research Institute Division, Subcontract No. Xi-9-8085-3 and Mid-
west Research Institute Prime Contract No. EG-77C-01-4042,

We wish to thank the Solar Energy Research Institute for awarding the subcon—
tract for this work to the WUTA Corporation. This work was directed and
administered for SERI by Dr. Irwin Vas, Branch Chief--Wind Energy Branch.
Mr. Richard Mitchell had program management responsibility for the work and
was assisted by Mr. Peter South, acting as Principal Engineer. The subcon-
tract was administered by Ms. Lori Miranda.

The report covers the Contract and Amendment One performance period of Septem—
ber 15, 1979 to December 15, 1980. The principal investigator for this pro-—
gram was Dr. Kurt H. Hohenemser. Mr. Andrew H., P. Swift designed the wind
tunnel model, performed part of the analytical work and all of the experimen-—
tal work including its evaluation. Dr. David A. Peters served as coinvestiga-
tor for dynamics analysis. Mr. Patrick F. Rice, in addition to administering
the project, contributed to the instrumentation design and to its implementa-
tion. Mr., William Stein of Astral Wilcon replaced the late Mr. Warren A..
Strutman for the design and construction of the 7.6-m~diameter test wind tur-
bine which has many components in common with the Astral Wilcon 10B machine.

According to the original contract, the work was to be completed by Octo-
ber 15, 1980. Amendment One to the countract extended the performance period
to December 15, 1980 and increased the funding level in order to enhance the
instrumentation to include measurements of critical dynamic loads of the test
wind turbine. It was believed that the measurement of performance as well as
of dynamic loads would facilitate determining whether the new concept has the
potential of cost-effective wind energy conversion.

On June 28, 1980, after 15 hours of operation of the test turbine over a five-
day period, lightning strikes severely damaged the instrumentation and record-
ing system. It took over a month to repair the damage and to replace the
destroyed components of the instrumentation system. Despite the time lost in
July and despite the unusually hot and windless month of August, the contract
goal to analyze and verify by atmospheric experiments the yaw characteristics
and power output of a wind turbine with blade cyclic pitch variation has been
achieved. The development of an automatic rotor speed control system has not
been initiated as yet and was not called for in the contract and its
amendment.

R‘chardertchell)
SERI Technical Monitor
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SUMMARY

The horizontal axis wind turbine under study incorporates two features: The
application of blade cyclic pitch variation adopted from rotorcraft technology,
and the use of yaw angle control, not only for wind direction following, but
also for rotor speed or torque control Cyclic pitch variation in a two-bladed
rotor relieves the blades of all the gyroscopic and odd harmonic aerodynamic
root moments. It makes rapid yaw rates of a two-bladed rotor possible without
causing vibratory hub moments and without causing appreciable angular
excursions of the blade tip path plane. Due to the allowable rapid yaw rates of
wind turbines with blade cyclic pitch variation, the two conventional separate
control systems - yaw control for wind direction following and blade feathering
control for regulating rotor speed and torque - can be replaced by a system with
only a single control variable, the rotor yaw angle.

The concept can be implemented in various ways. One way is to use an active
blade cyclic pltch control adopted from rotorcraft technology in combination
with a freely yawing nacelle. Another way is to use passive blade cyclic pltch
variation in combination with a yaw gear drive, A third way is to use passive
cyclic pitch variation in combination with an adjustable tail vane for the
freely yawing nacelle. The last method has been selected for this study as
being the simplest and most reliable. Passive cyclic pitch variation is
particularly simple for a two-bladed rotor. The blade pair is free to pitch
about the common cyclic pitech axis without the need of a linkage. The blade axes
have a small built-in prelag angle with respect to the cyclic pitch axis so that
imbalancing gyroscopic or aerodynamic moments cause cyclic pitch variation that
removes the imbalance.

The concept was first studied with a small scale wind tunnel model operating
without power extraction. The model test resglts showed that the two-bladed
rotor operated smoothly at yaw angles up to 50 , that it started easily at 3.5
m/s tunnel speed, and that the rotor speed could be precisely controlled by yaw
angle variation. It was then decided to design, analyze and build a two-bladed
7.6 m diameter wind rotor of this type for atmospheric testing. Astral Wilcon
performed the design and comstruction of the machine using many components of
their Model 10B wind turbine.

The machine was mounted on a Unarco Rhon SSV steel tower which was made tiltable
to facilitate installation and maintenance of the instrumentation. A careful
dynamic analysis of the rotor and its support was performed including a check
for potential aercelastic instabilities. After the assembly of the machine on
the tower, dynamic tests were performed to check the amalysis. The structure
was thoroughly instrumented to obtain performance, dynamic load and vibration
data during operation. Analog data were taken of performance and load
parameters for nearly steady conditions and for transients. Digital data were
taken and processed in an Apple II microcomputer system to obtain means and
standard deviations of the measured variables.

The machine was operated between May 23 and October 25, 1980 during 41 days for
96 hours. The operational envelope extended to 16 m/s wind velocity, 360 rotor
rpm, 45° yaw angle power-on and 80° yaw angle power-off. For most tests the
nacelle was automatically furled when 228 rpm at 10 kW rotor power was exceeded.
Unfurling was performed manually. When dividing the total rotor energy output
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by the total wind energy flow through the rotor disk during a test run, power
coefficients C_ of over 0.4 were obtained. This is based data from an
anemometer locafed 13.4 m above ground and 5.5 m below the rotor center. Winds
were never sufficiently high to obtain full power or full rotor speed at 45° yaw
angle. Thus, the power cut-off wind speed limit above which loads would become
excessive could not be determined, It also was not possible, for lack of steady
wind speeds above 13 m/s, to obtain high yaw angle power-off operation at rated
rotor speed. Within the operational envelope, dynamic loads and vibrations were
low. The highest loads were recorded at the overspeed power-on condition with
16 m/s wind velocity and 360 rpm. This condition is far outside the normal
operational envelope.

The atmospheric tests have proven the passive blade cyclic piteh variationm
concept to be viable. A full evaluation requires the development and testing of
a completely automatic rotor speed control system to replace the overspeed
furling system presently installed. In a prototype, a number of modifications
are necessary. The blades with their long retention box should be replaced by
slightly longer blades and extended airfoil sectioms closer to the hub. This
will gain, according to analysis, about 10% in performance and about 507 in
starting torque. The generator in 1its present configuration has good
efficiencies only at high power and poor efficiency at the more frequently used
lower power outputs. For electric grid connection, either a synchronous
inverter must be added or an induction or synchronous generator must be used. A
preliminary study has shown that the concept should be readily applicable to
larger machine sizes. The simplicity, ruggedness and reliability of a two-
bladed, tail vane stabilized, furl angle controlled machine with passive cyclic
pitch variation may make this concept attractive for quite large horizontal axis
wind turbines. Tail vane stabilization is used for the largest airplanes.
There is no compelling reason not to consider tail vanes for large wind
turbines. The usual objection against tail vane stabilization =~ the high
gyroscopic loads on the rapidly yawing wind direction following rotor - is not
valid for the yawing of wind turbines with blade cyclic pitch variation, no
matter how large the machine.
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SECTION 1.0

INTRODUCTION

The term "cyclic pitch variation” is taken from rotorcraft techmology. It is
applied when, in a rotating frame of reference, the blade pitch angle changes
periodically with the period of the rotor revolution. For rotorcraft with
cantilever blades, cyclic pitch variation removes the aerodynamic and
gyroscopic pitching and rolling moments on the airframe which otherwise would be
very high. For rotorcraft with hinged or teetering blades, cyclic pitch
variation compensates blade flapping and keeps the blade tip path plane approx-
imately normal to the rotor shaft in addition to providing the means for rotor-
craft control.,

Except for two vertical axis wind turbine types, cyclic pitch variation has not
been applied to wind rotors. The lack of cyclic pitch variation in horizontal
axis wind turbines with cantilever blades exposes these machines to higher
aerodynamic and gyroscopic loads than necessary. These loads are particularly
evident in two-bladed wind turbines with cantilever blades since the imbalanced
aerodynamic and gyroscopic blade moments produce substantial two per revolution
loads and vibrations of the nonrotating structure. For this reason most wind
turbine designers have selected three or four-bladed rotors rather than the more
cost effective two-bladed rotor. The NASA MOD-0OA and MOD-1 two-bladed wind
turbines with cantilever blades avoid excessive gyroscopic effects by using a
slow yaw gear drive. As a consequence, the machines cannot follow rapid wind
direction changes. Edgewise wind components of substantial magnitude can then
occur and can cause increased dynamic blade loads. To relieve the ill effects
of edgewise wind components, individual blades or pairs of opposing blades have
been occasionally hinged to the hub to allow out-of-plane blade moticns. Hinges
have been used in large two-bladed wind turbines built in the forties and
fifties. They are again incorporated in the latest US, German and Swedish
designs of megawatt size two-bladed wind turbines. :

Horizontal axis wind turbines need means for wind direction following and for
automatic rotor speed or torque coumtrol. Wind direction following 1is
accomplished either by a tail vane, or by a yaw gear drive, or by the inherent
yaw stability of a wind rotor located down wind of the yaw axis, (self-yawing
wind turbine). Rotor speed or torque control is usually accomplished by a blade
feathering mechanism adopted from propeller technology. 1In Ref. 1 some cost
saving alternatives to the current technology are discussed. For one of the
alternatives, both the yaw gear drive and the blade feathering mechanism are
omitted and replaced by a blade cyclic pitch control mechanism adopted from
rotorcraft techmology. It is then possible to use a single control variable -
the blade cyclic pitch input - both for rotor speed or torque control and for
wind direction following. With cyclic pitch variation, yaw control can be made
precise. 1In contrast, self-yawing wind turbines tend to overshoot in yaw angle,
and conventional yaw gear drives are too slow to adapt to rapid wind direction
changes.

Figures l-la and 1-1b, taken from Ref. 1, show typical steady state rotor power
curves for a chart of control angle vs. tip speed ratio. Figure l-la represents
blade feathering angle control, Fig. 1-1b represents rotor yaw angle control
achieved by blade cyclic pitch variation. Constant rotor speed operation with a




synchronous generator is assumed. Synchronization (SYNC) occurs with zero power
at the tip speed ratio for operational rotor speed over cut-in wind velocity
(vertical line with arrow). With increasing wind speed the power rises to the
rated value (horizontal line with arrow). Above rated wind speed, rated power
is kept constant up to cut-out wind speed (rising curve with arrow). The two
sets of steady state power curves shown in Fig. 1l-la and 1-1b are similar,
therefore blade feathering angle control can be replaced by rotor yaw angle
control provided that sufficiently rapid yaw angle changes are feasible.

Ref. 1 explains that the time comnstant of yaw response to a cyclic pitch input
for a ratic of nacelle over blade moment of inertia of 3.4 (MOD-0) is approx-
imately 1.7/Q, where @ is the angular rotor speed in rad/sec. The response of
rotor speed to a torque input has a time constant of about 20/} for a MOD-0 type
wind rotor. Therefore one can expect a satisfactory rotor speed control with
cyclic pitch inputs if the servo—actuator has a matching time constant of say
5/Q. The MOD-0 machine has a higher moment of inertia ratio than necessary, and
therefore even shorter yaw response times are feasible.

The purpose of the present study is to determine by analysis, by small scale
wind tunnel model testing, and by atmospheric testing, whether blade cyclic
pitch variation, adopted from rotorcraft technology, can be beneficially
applied to the yawing of horizontal axis wind turbines.
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SECTION 2.0

APPLICABLE ROTOR CRAFT EXPERIENCE

Before discussing the reasons for selecting the wind turbine configuration used
for this study, a brief summary of applicable rotorcraft experience will be
given,

2.1 DIRECTION OF FLOW THROUGH ROTOR

In a rotorcraft it is unavoidable that upflow as well as downflow through the
rotor must be used. In powered flight the direction of the flow through the
rotor disk is downward, in autorotational flight it is upward. Dynamic loads
and vibrations are higher for upflow when the rotor operates in the wake of the
fuselage. 1In a wind turbine one has a choice of upwind or downwind rotor
location with respect to the mast. From the point of view of dynamic loads and
vibrations, the upwind location of the rotor is better. Propeller type turbines
have shown substantial dynamic rotor load increases from the wake of the mast.
Although this effect will be alleviated by cyclic pitch variation, the nacelle
wake is of greater importance in oblique flow.

2.2 ROTOR STABILITY DERIVATIVES

The two rotor stability derivatives of interest for wind turbines are rotor
angle of attack stability and rotor damping. For a wind turbine the rotor angle
of attack is equal to 90 minus the yaw angle. A rotor is stable with respect to
angle of attack changes if an increase in angle of attack produces a hub moment
that tends to restore the original rotor angle of attack. A rotor has positive
damping if a rate of change of rotor angle of attack produces a hub moment that
resists the rate of change. Lifting rotors have negative angle of attack
stability, and they usually have inadequate rotor damping. In rotorcraft, tail
surfaces and rate gyros acting on the controls compensate for the inadequate
rotor stability derivatives. For an upwind location of a wind turbine with
blade cyclic pitch variation the damping about the yaw axis may be negative. In
this case a tail surface or rate gyro damping is a necessity.

2.3 ACTIVE BLADE CYCLIC PITCH CONTROL

In rotorcraft ome distinguishes c¢yclic pitch moment control from cyclic pitch
thrust vector control. Often a combination of both is used. Moment control is
best suited for rotors with more than two blades, since in a two-bladed rotor
the hub moment varies twice per revolution from a maximum value to zero. The
cyclic pitch thrust vector control system for a two-bladed rotor has been
extensively researched and applied in thousands of two-bladed Bell Helicopters.
This control technology could be directly transferred to wind turbines.




2.4 ROTOR EMASCULATION

In compound rotorcraft where the lift in hovering is provided by a lifting
rotor, and where the lift in cruising flight is mainly generated by a fixed
wing, rotor controls are not useful in cruising. 1In order to eliminate un-
desirable rotor stability derivatives in cruising flight, the rotor can be
Wemasculated" as was done for the US Army XV-1 compound rotorcraft, Ref. 2 and
3. The method of emasculation used was passive cyclic pitch variation whereby a
small up blade flapping angle produced a large down blade pitch angle. The
rotor of the XV-1 compound rotorcraft had a three to omne pitch~-flap ratio im
cruising flight and flew to advance ratios (flow component in the rotor plane
over blade rotational tip speed) of over one without difficulties, whereby the
rotorcraft was controlled and stabilized by aerodynamic surfaces. The
emasculation by a large blade pitch-flap coupling practically eliminates angle
of attack instability and negative rotor damping. It makes the rotor easy to
control by external means.

2.5 VIBRATIONS

Two-bladed rotors with active cyclic pitch variation from thrust vector
control achieve a reasonably low vibration level. The XV-1 compound rotorcraft
with its passive cyclic pitch variation was almost vibration free in cruising
flight. The rotor was three-bladed. For a two-bladed rotor a higher vibration
level can be expected. However, it should not exceed that of the two-bladed
rotor- with cyclic pitch thrust vector control. In contrast to rotorcraft,
vibratory gravity loads do occur in two-bladed horizontal axis wind turbines.
In the nonrotating frame of reference they have a frequency of twice per
revolution. They can be kept small by designing the blades with an in-plane
bending natural frequency which is at least two times the frequency of rotor
revolution.




SECTION 3.0

CONFIGURATION SELECTION

The wind tunnel model and the atmospheric test equipment together with the test
results will be described later. Some of the reasons for selecting the
configuration for these tests will be discussed here. It should be noted that
this selection had to be made at the beginning of the research period before any
experience with the wind turbine with cyclic blade pitch variation was
available. Thus, only qualitative arguments could be applied.

3.1 TWO OR MORE-BLADED ROTOR

In rotorcraft developments, two-bladed rotors were successful when rotor hub
pitching and rolling moments were avoided. The two-bladed emasculated rotor
with passive cyclic pitch variation is hub moment free and can be expected to
operate with a low vibration level. The same is true for the two-bladed rotor
‘with cyclic pitch thrust vector control. The two-bladed wind turbine is for
various reasons more cost effective than a three or four-bladed wind turbine. A
two-bladed hub moment free rotor has been selected for this study.

3.2 UPWIND OR DOWNWIND ROTOR

From the previous discussion it is evident that dynamic loads and vibrations are
alleviated when an upwind rotor location is used. The disadvantage of negative
yaw damping is overcome by using a tail surface to provide rotor angle of attack
stability and damping, or, in the absence of a tail vane, by using artificial
stabilizing and damping means. An upwind rotor location has been selected.

3.3 ACTIVE OR PASSIVE CYCLIC PITCH VARIATIOR

Cyclic pitch thrust vector control is suitable for a two-bladed rotor and
results in a low vibration level. When used in an upwind rotor, artificial
stabilizing and damping means are needed. Since the cyclic pitch input must be
responsive to wind direction and rotor speed or torque signals, artifical
stabilization amounts merely to a conditioning of these signals.

A substantial simplification of the two-bladed wind rotor can be obtained by
applying passive blade cyclic pitch variation instead of active blade cyclic
pitch control. Such a rotor can be rapidly yawed without resistance and without
transferring gyroscopic moments to the hub. Figure 4-la shows a two-bladed
rotor design of this kind used for a small scale wind tunnel test model. The hub
can swivel freely about the two pins that form the cyclic pitch axis. The blades
are attached to the hub with a small fixed prelag angle with respect to this
axis. Any imbalanced out-of-plane blade forces cause a rotation of the blade
pair about the two pins which tends to restore the balance. For example, a rate
of yaw will produce an oscillatory gyroscopic moment in the rotating frame of
reference., Cyclic pitch motion of adequate amplitude and phase will balance the
gyroscopic moment. The cyclic pitching motion is coupled with a small teetering
motion which is hardly noticeable. Because of its simple and rugged design, a




wind rotor with passive blade cyclic pitch variation has been selected for this
study.

3.4 YAW GEAR DRIVE OR TAIL VANE

The rotor with passive cyclic pitch variation must be yawed by external meansj
for example, by a yaw gear drive. Contrary to usual systems with blade feather-
ing control, the input to the yaw gear drive is the only control variable. It
responds to wind direction and to rotor speed signals. Wind direction following
can also be accomplished by a tail vane. To yaw a tail vane stabilized wind
rotor, the tail boom is swivelled from its normal position in line with the
rotor axis to a "furled" position. The furl angle is approximately equal to the
rotor yaw angle, Fig. 4=-3b. To obtain precise rotor speed or torque control, a
furl actuator must be used that is respomsive to speed or torque gignals.
Figure 1-1b is valid no matter whether rotor yawing is achieved by active cyclic
pitch control, or by passive cyclic pitch variation in combination with a yaw

gear drive or in combination with a tail vane and a furl mechanism.

A yaw gear drive adds to the dynamic complexity of a wind turbine and requires a
torsionally stiff tower. It also adds to the complexity of the automatic
control system because it requires wind direction inputs in addition to rotor
speed or rotor torque inputs. Furl control of a vane stabilized wind rotor with
passive blade cyclic pitch variation appears to be the simplest approach
promising the greatest reliability of the end product, and has, therefore, been

selected for this study.

3.5 DEPENDENCE OR INDEPENDENCE FROM ELECTRICAL GRID

Induction and synchronous wind turbine generators have a mnear constant
operational speed, determined by the electrical grid. Beyond cut-out and in
case of grid failure, automatic overspeed limitation must be provided. In the
case of synchronous generators, automatic rotor speed regulation must be
adequate for the process of synchronization. Beyond rated wind speed, automatic
torque limitatiom is required for both induction and synchronous generators.
Since the speed varies somewhat with torque for induction generators, the
overspeed limitatiom, if sufficiently accurate, may alsc serve as a torque
limitation. A self-excited generator or altermator operating with a constant
electric load independent of an electrical grid develops a torque that steeply
rises with rotor speed. Therefore rotor speed limitation also serves as torque
limitation. This simplifies the requirements for the automatic control system.
For the atmospheric test wind turbine, a self-excited altermator with grid
independent stand alone operation has been selected for this study. An auto~
matic overspeed limitation for the wind turbine is adequate for this config-
uration.

3.6 CONFIGURATION SUMMARY

® A two-bladed, emasculated, hub moment free rotor with passive cyclic
pitch variation, located upwind of the mast.




A movable tail boom that can be rotated from a position essentially
perpendicular to the rotor plane (zero f%;l angle) to a position
essentially parallel to the rotor plame (90  furl angle).

A power actuator that can adjust the tail boom furl angle (the angle
between rotor axis and tail boom) in response to rotor speed signals.

A self-excited alternator with constant electric load for stand alone
grid independent operation.







SECTION 4.0

SMALL SCALE WIND TUNNEL MODEL STUDIES

The purpose of the first series of small scale wind tunnel model tests, con-
ducted in October, 1979, was to gain initial yawing experience with a wind rotor
having passive cyclic pitch variation. A second series of tests was conducted
in April, 1980 to obtain quantitative data on starting capability and to
determine operating parameters at higher wind speed.

4.1 THE MODEL

The axial view of the model rotor, Fig. 4~la, has been described before. Blade
and blade retentions with their flexures have been adopted from an existing
lifting rotor model. The side view of the complete model is shown in Fig. 4~-1b.
The tail boom can be adjusted for various furl angles between rums. Only
autorotational conditions can be tested. High blade drag due to the small
Reynolds number is, however, the equivalent of extracting power from a larger
rotor. The following table summarizes pertinent data for the model and for the
full scale machine.

Table 4-1. COMPARISON OF MODEL AND FULL SCALE PARAMETERS

Model Full Scale Machine
Rotor Diameter, inch (meter) 17.2(0.437) 300(7.62)
Blade Chord, inch (meter) 1.0(0.0254) 12 to 4(0.30 to 0.10)
Blade solidity ratio 0.075 0.032(at .7R)
Blade Twist, degrees 0.0 9.5
Blade Airfoil 0015 4425 to 4412
Blade Lock Number 6.4 7.0
Blade Prelag Angle, degrees 23 23
Cyclic Pitch Stops, degrees +9 +13
Reference Rotor rpm 1800 225
Reynolds Number for O.Z R 50,000 . 640,000
Vane Area, £t°, (meter”) 0.026(0.0024) 12.5(1.16)
Vane Arm, inch (meter) 12.5(0.317) 204(5.18)
Vane Aspect Ratio 2.4 5.5

Although the model and the full scale machine are not geometrically similar, the
near equality of the blade prelag angles and of the blade Lock numbers results
in the same ratio (1.7) of rigid blade body mode frequencies over rotational
frequencies. Thus the blade cyclic pitch dynamics of model and full scale rotor
are the same outside of the blade stall regime except that the cyclic pitch
stops for the model are narrower than for the full scale rotor.

/
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The model can be tested in a free yaw mode with tail vane, in a fixed yaw mode
without tail vane, and the yaw angle can be changed during test runs by a yaw
angle adjuster below the lower tunnel wall, see Fig. 4~lc.

4.2 TFIRST TEST SERIES RESULTS

The rotor speed, measured with a stroboscope, is determined as a function of
wind tunnel speed and yaw angle. For zero yaw angle Figure 4-2 shows wind speed
ratio V/ R vs. rotor speed with the blade Reynolds number scale for 0.7 R
superimposed. Blade pitch angle is about zero. The wind speed ratio varies
from 0.2 to 0.3 depending on rotor rpm. The relation shown in Fig. 4-2a is used
Lo correct the data for nonzero yaw conditions to a "reference" rpm of 1800. The
corrected result of the yaw tests is shown in Fig. 4-3a. TFor the free yawing
tests the furl angle has been assumed equal to the rotor yaw angle (Fig. 4-3b)
although there may be some small difference between the two(fngles. As seen in
Fig. 4-3a the wind speed ratio is minimum at about 20 yaw angle. The
discontinuity in slope at about 50° yaw angle is presumably caused by blade
stall. This discontinuity should not occur for larger rotors with higher
Reynolds number. Some insight into the characteristics of larger rotors 1is
given by the dash line. It represents the results of autorotational tests of a 3
meter diameter rotor with four hinged blades tested by NACA at a blade Reynolds
number for 0.7 R of 620,000, Ref. 4. One can expect the atmospheric test rotor
with a blade Reynolds number for 0.7 R of 640,000 to follow the dash curve
rather than the solid curve found for the small scale model at a Reynolds number
of 50,000.

In the fixed yaw mode where the yaw angle can be varied while the rotor is
autorotating, it was observed that rotor rpm could be easily controlled by
yawing. The rotor self-started soon after starting the wind tunnel and ran
smoothly without visible flapping in both yawed and unyawed positions, except
that beyond 50° yaw angle some cyclic pitch stop pounding occurred for high wind
speeds and rotor speeds. This is presumably related to the slope discontinuity
seen in Fig. 4-3a and caused by progressing blade stall. The full scale rotor
did not produce this phenomenon because of the much higher stall margin.

In the free yaw mode, the model started easily and demonstrated a high degree of
stability about the yaw axis. Transient testing was performed by forcibly
yawing the model 20° away from equilibrium and then releasing it. The model
returned rapidly to the equilibrium position with almost no overshoot. The
cyclic pitch amplitude remained within the + 9" limit during the rapid yaw rate
test,

4.3 SECOND TEST SERIES RESULTS

During the second series of tests conducted in April, 1980 the model reliably
started with zero yaw angle at about 8 mph wind speed. When running, it could be
quickly stopped by using 90° yaw angle. It did not start at this yaw angle up to
the highest tested wind speed of 24 mph. The blades showed no motions up to 15
mph when stopped with 90 yaw angle but flapped in an irregular manner at 24 mph.
The rotor started at 20 mph for 80° yaw angle but did not go beyond the stop
pounding phase. This can be explained by looking at Fig. 4-3a. A yaw angle of

13
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80° for the model is not attainable without severe stall, as can be presumed
from the difference between the dash line and the solid line. One can expect the
full scale rotor to start at 80° yaw angle and tc pass through the initial brief
stop pounding phase to normal operation as characterized by the dash line in
Fig. 4-3a.

The maximum wind speed at zero yaw angle was 20 mph during the first series of
tests. It was increased to 24 mph for the second test series. At this wind
speed and at 2100 rpm (V/QR = 0.21), a striking rotor instability occurred.
Just prior to the onset of the instability the cyclic pitch amplitude was small
and the rotor ran smoothly. Suddenly cyclic pitch stop pounding was observed
with an estimated frequency of 10 to 20 Hz. The rpm rapidly dropped to about
one-third its initial value and the tip path plane was strongly warped,
indicating that the cyclic pitch frequency was different from the usual 1P.
This condition persisted until the tunnel speed was reduced to under 12 mph. In
repeated tests, the onset of the instability was always exactly at 24 mph wind
speed. The instability occurred at somewhat lower tunnel speed when the rotor
was yawed.

It was suspected that the instability for the model was related to the fact that
at 2100 rpm the blade coning frequency was much lower than the rigid body
frequency. The opposite relation holds for the full scale rotor. Figure 4-4,
for the model, shows the coning frequency and the rigid body frequency vs.
rotational frequency /27 Hz. The coning frequency for zero rotor speed was
measured; the change with rotor speed was computed. The rigid body frequency
was also computed. The crossover point for the full scale rotor is above the
overspeed limit at 360 rpm. The crossover point for the model is far below 2100
rpm (35 Hz) when the instability set in. The two blade modes cannot couple in
the linear range since the rigid body mode is asymmetrical and the coning mode
is symmetrical. However, in the stalled regime the modes do couple and may
produce an unstable coupled mode. The model rotor is operating close to stall
in autorotation. Any cyclic pitch variation will bring one blade deeper into
stall, the other out of stall. It may be significant that instability occurs
when the rigid body mode frequency is 1.5 times that of the coning mode
frequency.

An analysis of this phenomenon would be quite difficult since non-linear equa-
tions are involved. Also, little is known about dynamic stall at low Reynolds
number and no attempt was made to develop a theory of the observed instability.
The blade flexures were subsequently reinforced in order to appreciably raise
the coning frequency. The model was then operated at zero yaw angle up to 28 mph
wind speed and %POO rpm without encountering instability. At 28 mph the model
was yawed to 45  yaw angle whereby the rotor speed dropped to 1450 rpm. When
yawing further to 500, the stop pounding instability occurred and could be
removed by yawing the rotor back to smaller angles. The observed effect of the
coning mode frequency on the instability proves that a coupling between rigid
body mode and coning mode is in fact involved. Blade stall must also be
involved, otherwise the two modes would not couple. Since the full scale rotor
is much further removed from stall than the model rotor, and since its ratio of
coning mode frequency over rigid body mode frequency is always larger than one,
one can expect the full scale rotor to be free of the stop pounding instability
if adequate stall margins are preserved.
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A paper by Glasgow and Miller, Ref. 5, shows that the NASA DOE MOD-0 machine in
the configuration with teetering untwisted blades can also exhibit stop
pounding. Stop pounding occurred repeatedly in this configuration after en-
countering a gust of wind. The stop pounding condition persisted after the
passing of the gust and could only be removed by feathering the blades ten
degrees. No explanation is given for this phenomenon in the paper. Upon
contacting the authors it was learned that the MOD-0 with the teetering blades,
could not be operated with the normal rotor speed of 40 rpm. Because of a
dynamic condition it could only operate with a reduced rotor speed of 33 rpm
where stall is imminent. The gusts brought the blades deeper into stall so that
stop pounding set in which did not disappear at lower wind speed. Only
unstalling of the blades by feathering terminated the stop pounding condition.
The behavior of the MOD-0 with teetering blades is similar to that of the model
rotor with reinforced blade retention flexures. Stop pounding occurred for the
model rotor at a high yaw angle with imminent blade stall, and stop pounding
conditions disappeared when the rotor was yawed back to p051tlons with a higher
blade stall margin.

The presumed role of blade stall in the stop pounding incidents of the MOD-0
machine has not been suggested by the authors of Ref. 5, but is our own
interpretation. Assuming that this interpretation is correct, the experlence
with the small scale model and with the MOD-0 machine with teetering blades
teaches an important lesson: Rotors with teetering blades or with passive
cyclic pitch variation should not be operated close to operational regions where
a gust could precipitate blade stall. 1In case this presumable stall-related
stop pounding condition should occur in the atmospheric test rotor, the blades
should be unstalled by either reducing the rotor yaw angle or by shedding the
alternator electric load. TFor the full scale rotor, contrary to the model
rotor, autorotational conditions are far removed from stall and shedding of the
electric alternator load should terminate the stop pounding conditiom if it
occurs.,

In summary, the small scale model tests demonstrated smooth operation of the
rotor with passive cyclic pitch variation up to yaw angles of 500 good con-
trollability of rotor speed by yawing, easy starting between 0 and 80° yaw
angle, good damping of yaw transients, and capability of high yaw rates without
vibrations. The model also demonstrated that blade-stall-related stop pounding
may occur with involvement of the blade coning mode. The blade airfoil and its
pitch settings were not too well defined; the tumnnel wall effect was
substantial. For these reasons only a qualitative evaluation of the model tests
was made and no attempt was made to compare the model test results with the
results of an analysis.







SECTION 5.0

ANALYTICAL STUDIES

The analytical studies were conducted in support of the design of the atmos-—
pheric test turbine. The performance analysis for zero yaw angle uses conven—
tional methods assuming steady wind speed and wind direction. The emphasis is
on establishing trends with configuration changes. With respect to the steady
state yaw characteristics, rough estimates had to be made because of the lack of
an accepted analytical method applicable to yawed conditions. The prediction of
natural frequencies was hampered by ill-defined structural properties of
blades, nacelle and tower. Tests were used to correct the original assumptions.
Potential linear aerocelastic 1instabilities have been analyzed with the
originally assumed structural properties. Corrections were believed to be
unnecessary since no linear aeroelastic instabilities have been uncovered up to
very high rotor overspeed. Analysis has not been performed om the stall related
nonlinear cyclic pitch stop pounding condition observed during the second wind
tunnel model test series.

5.1 PERFORMANCE ANALYSIS FOR ZERO YAW ANGLE

The purpose of the performance analysis for zero yaw angle was to establish the
effect of blade pitch setting, the effect of the number of blades (two and
three) and the effect of blade sclidity ratio on the rotor performance. The
method used was taken from Ref. 6. The details of the analysis are given in
Appendix A. The results should only be used for comparisons and not for the
prediction of the actual performance which depends on neglected details such as
blade shank loss, blade surface roughness, deviations of the actual blade
airfoil from the ideal airfoil shape, and varying Reynolds number over blade
span and wind speed. The blade airfoil characteristics for all blade stations
have beenefaken from the "standard roughness' curves of Ref. 7 which are valid
for 3X10 Reynolds number. This <corresponds approximately to the
characteristics of a smooth airfoil at the much lower Reynolds number for the
0.7R blade span station when operating at rated rotor speed,

Figure 5-1 shows the blade planform with airfoil sections along the span and the
distribution of chord and section thickness. The blade is tapered from 12 in
chord at the root to &4 in chord at the tip. The section thickness varies from
25% at the root to 12% at the tip. The twist is nonlinear and amounts to a total
of 9.5°. The long blade shank section is needed for the three~bladed Astral
Wilcon 10B machine but is not needed for the two-bladed lifting rotor wind
turbine with cyclic pitch variation. The long blade shank with its aerodynamic
losses has been adopted for the atmospheric test rotor in order to avoid the
high costs of a special blade design. The blade shank would be shortened to
about one~half its present length in a prototype design, whereby the aerodynamic
shank loss would be reduced by much more than one-half.

Figure 5-2 shows the perforgen%F coefficient of the two-bladed atmospheric test
rotor defined by C_ = 2P/pV ™ nR” vs. tig speed ratio QR/V. The four curves are
for blade pitch segtings at 0.7R of -4, —20, 0, and +2%, As usual in the wind
rotor literature, the plus sign applies toward blade feathering, the minus sign
applies toward blade unfeathering. In the rotorcraft literature the pitch
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angles have opposite signs. The angles are measured from the zero lift chord
line of the airfoil. As will be seen later, the atmospheric test rotor will
operate up to rated wind speed with a tip speed ratio close to the maximum value
of C_. We are, therefore, interested in finding the blade pitch setting for the
highgst value of C_. According to Fig. 5-2 this setting is -2°,  The yawing
characteristics inP the subsequent section have been established on the
assumption of a blade pitch setting at 0.7R of -2°,

Figure 5-3 shows the equivalent curves for a three-bladed rotor using the same

b%ade design. The optimum C is again obtained for a blade pitch setting of -
2. The value of C for = is now somewhat above 0.4 while, for the two-
bladed rotor, it is fGiewhat below 0.4. In order to find out whether or not the
improvement in C . of the three~bladed rotor over the two-bladed rotor was

caused by the higgg?xéolidity of 0.048 vs. 0.032, an analysis was made for a two-
bladed rotor with 0.048 solidity ratio. As Fig. 5-4 shows, the increased blade
solidity did not result in an increased C , merely in a shift of the optimum
tip speed ratio value from 9.8 to 7.7, samE 4% for the three-bladed rotor. This
shows that the slender blades of the two-bladed atmospheric test rotor do not
have a performance penalty. They are less costly than wider blades and allow
cost savings from a lower gear ratio as compared to wider blades.

Figure 5-5 shows a comparison between the performance of a three-bladed rotor
and a two-bladed rotor with a 47 larger diameter, as would be used for a
prototype version of the test rotor. The details of the blade geometry are
given in Fig. 6~33. The loss in performance from having two vrather than three
blades is now fully compensated. A third blade adds 50% to the cost of two
blades, while a 47 larger blade span adds at most 8% to the cost. Quite apart
from the much simpler hub of a two-bladed rotor, the blade cost savings alone
are substantial, and they are obtained without a loss in rotor power. The
optimum tip speed ratio is about 9.8 vs. 7.7 for the three-bladed rotor. Thus
the two-bladed rotor will have a higher rotor speed and will require a lower
gear ratio when operating with Cpmax°

One may suspect that the higher blade centrifugal force from the higher rotor
speed will require reinforcements of the blade structure, Actually the strength
margin with respect to blade centrifugal force is usually quite high, par-
ticularly for fiberglass blades. Critical stresses are in bending, and a higher
centrifugal force reduces the bending stresses because of centrifugal relief.
For the two-bladed atmospheric test rotor the centrifugal force is directly
transmitted from one blade to the opposite blade without thrust bearings used in
conventional propeller rotors. The increase in centrifugal force for a two-
bladed rotor compared to the three-bladed rotor does not present a problem.

5.2 GSTEADY STATE YAW CHARACTERISTICS

A simple estimate of steady state yaw characteristics is possible when blade
stall effects are neglected, a constant blade angle of attack is assumed, and a
uniform inflow through the rotor disk is stipulated. For zero blade pitch
setting and rectangular untwisted blades one has from axial momentum theory

A= tan o - C/2u(1 + (WD) (5-1)
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From blade element theory Cr = \0 a/4 (5-2)

From energy balance = XCT - oCc, /8 (5=3)

CQ do’
Equations 5-1 to 5-3 have been evaluated for = 0.032, cdo = 0,01 + O,SG?B and
a = 2W.

Figure 5-6 shows the results in terms of a C vs. QR/V chart with lines of
constant rotor angle of attack C. P

The results of a more refined analysis that includes rotors with hinged blades
and stall effects are presented in Ref. 8. Only Eq. 5=1 and Eq. 5~3 need to be
evaluated, The equivalent blade profile drag coefficient C and the axial flow
component A are given as a function of C /0 and p in the “form of tables and
charts. These tables have been somewhat magified for the atmospheric test rotor
to account for the higher stall angles. Fig. 5-7 shows the results in the same
form as Fig. 5-6. The slanting line represents a comstant rotor speed and
constant rotor torque condition which results in constant torque coefficient
CQ/G. Curves similar to those in Fig. 5-7 have been obtained by analysis in Ref.
9*and by wind tunnel tests in Ref. 10. These rotors have cantilever blades while
Fig. 5-7 is based on a rotor with hinged blades. The rotor with passive cyclic
pitch variation probably has characteristics not too different from those shown
in Fig. 5-7.

To apply Fig. 5-7 to a particular wind rotor, the torque characteristics of the
load must be known. The atmospheric test equipment has a three— phase ac
brushless alternator with rectifier for de output. It is operated with a
constant resistance. The electrical dc power ouftput vs. rpm was measured in a
bench test and the mechanical rotor torque input was estimated, considering
gearing and electrical losses. The result is the steeply rising curve shown in
Fig. 5-8a and 5-8b which represents rotor power required in kW vs. rotor rpm for
a 22.5:1 alternator to rotor gear ratio. The rotor power available in kW vs.
rotor rpm at various wind velocities has been obtainedofrcm Fig. 5-7, assuming
sea level standard atmosphere. Figure 5-8a for a = 90 (zero yaw angle) shows
that, for all wind speeds, the intersection of power required and power
available curves occurs nearly at the maximum of the power available. Figure 5~
gb for @ = 60° (30° yaw angle) shows that higher wind speeds are required to
obtain the same power output. For example, at o = 90° the rotor power output is
7.8 kW at 20 miles per hour and 195 rpm, at a = 60  the rotor power output is 7.6
KH at 24 miles per hour and 190 rpm. The maximum available power no longer
occurs at the intersection with the power required curve but occurs at higher
rotor speed. This fact is of no concern since the purpose of yawing the wind
turbine is to dissipate the excess power over the rated power. However, the
intersection of the two curves is now at an acute angle which reduces the rpm
stability at constant wind speed; that is the driving torque increment per unit
rpm decrement.

5.3 DYNAMIC ANALYSIS AND COMPARISON WITH TEST RESULTS

Detail drawings of the various components of the Astral Wilcon Model 10B ma-
chine, from which the structural properties could be determined, were not
available. Therefore, the dynamic characteristics of the experimental wind
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turbine had to be determined by a combination of testing and analysis. Tapered
and twisted finite blade elements were used for the analysis. The development
of the method and its application to the test turbine are described in Ref. 11.

5.3.1 Rotor Natural Frequencies

The fiberglass blades have been modified from those for the three-bladed Astral
Wilcon 10B wind machine by shortening the tubular shank at the blade root., The
blade has a spar of I~beam shape made of longitudinal fibers, a skin laid up from
commercially available fiberglass sheets, and epoxy and expanded foam filler in
between. There were insufficient data on the structural design to deduce
stiffness or dynamic properties. One blade of the set of three was shipped to
Washington University in October 1979. At that time the blade retention design
had not been developed. The blade was clamped at the tubular shank with two
different cantilever blade lengths (141.5 and 125 in). The natural frequencies
for both clamping configurations were measured by an impulse test and by a
frequency response test with an intermittent airjet impinging on the blade tip.
The first and second flap-bending frequencies of 7.6 Hz and 24 Hz measured for
the short shank length were exactly the same as those measured in May 1980 for
the complete rotor installed om the machine. The first in-plane frequency of
the single blade test was close to 7.6 Hz as indicated by slow beats between the
flapping and in-plane mode. The fully assembled rotor did not show these beats
and had a clearly separable in-plane blade frequency of 8,0 Hz. The first blade
torsional frequency was difficult to measure and has a value of about 30 Hz.
Except for the second coning mode, no higher mode frequencies could be measured
with the method applied.

The blade was weighed, its center of gravity was determined, and it was swung as
a physical pendulum to determine the pendulum frequency. From these data and
from the blade shape, the mass distribution was estimated. The stiffness
distribution was first assumed and then varied until the analytical values of
the two first flap-bending frequencies agreed with the measured values. The
bending stiffness at 0.7R was measured by a static deflection test. It agreed
quite well with the final blade stiffness assumptions for the dynamic analysid.
Next, the frequencies for the other modes and the effects of centrifugal force
on the frequencies were analytically determined together with the aerodynamic
damping of the two most important modes. The analysis and its results are
described in Appendix B.

Figure 5-9a and 5-9b show the natural rotor frequencies in a rotating frame of
reference for symmetrical and asymmetricsl modes in the form of fan diagrams.
The lines for the various harmonics (1P, 2P, efc.) are superimposed on the
frequency vs. rotor speed curves. The corresponding mode shapes are sketched in
Fig. 5-10. The rigid body mode which represents rotation about the cyclic pitch
axis (see Fig. 4~la), is not sketched. According to Fig. 5-9b, it has a
frequency of 1.70Q except when it couples with the asymmetrical in-plane mode in
the 300 rpm region. In the coupling regiom it is slightly less than 1.70 . The
in~plane frequency curve has been corrected somewhat from the curve given in
Appendix B to account for the 8.0 Hz measured with the complete rotor when
nonrotating., The asymmetrical flap-bending mode could not be excited. The
values shown in Fig. 5-9b are from the analysis. The coning mode frequency
curve of Fig. 5-9a is taken uncorrected from Appendix B and agrees with the
measured value of 7.6 Hz at zero rpm. The symmetrical in-plane mode could not be
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excited. Its frequency curve is obtained from the analysis and is shown in Fig.
5-9a, The aerodynamic damping effect was computed for the two modes with the
lowest frequency. The damping ratic for the rigid body mode is 0.26, for the
coning mode 0.2l. This result was obtained with the analysis method described
in Ref, 1il.

The frequencies in the nonrotating frame are obtained from those in the rotating
frame shown in Fig. 5-9 by adding or subtracting the angular rotor speed. The
gravity excitation is 1P (onme per revolution) in the rotating system, far below
the asymmetrical in-plane mode frequency. There is mo appreciable rescnance
awplification of the gravity excitation. This fact was confirmed by atmospheric
tests conducted up to 285 rpm. For exactly zero resonance amplification the
rotor support of a two-bladed rotor is not excited at all by gravity loads. This
is almost rrue for the two-bladed rotor of the atmospheric test equipment. The
asymmetrical in-plane mode will be aerodynamically excited with 3P, 5P, etc.
There is no resonance with 1P. The 5P resonance is below 100 rpm and of no
significance. The 3P resonance is at 165 rpm where the extracted power is low
and in normal operation (except for special tests) the rotor will have zero furl
angle. The symmetrical in-plane mode is excited by 4P. It may be modified by
the gear train effects which have not been included. The rigid out-of-plane
mode is derodynamically excited by 1P, 3P, etc. and is far removed from
resonance. This mode is further well damped with 0.26 damping ratio. The
coning mode is excited by 2P and 4P. The 2P resonance with the coning mode is at
280 rpm which can only occur in a transient conditiom without power extractiom.
This mode is also well damped with a damping ratio of 0.21. The higher modes are
only excited by high harmomnics which can be expected to be weak., Overall,
(except for the 2P resonance with the coning mode) the natural rotor frequencies
appear to be well placed and no severe resonances have been observed during
atmospheric testing up fo 285 rotor rpm.

5.3.2 Tower and Tail Boom Natural Frequencies

3

Tower modes and natural frequencies have been computed for the unfurled rotor
position as discussed in Appendix B. The first analysis ignored the effect of
the yaw post. Later it was found that the yaw post softens the structure
considerably and lowers the tower frequency. While mass and stiffness dis-
tribution of the tower was reasomnably well known from the manufacturers drawings
(the tower comsists of the upper three sections of the five section 100 ft.
Unarco Rhon $.S.V. type), the boundary comdition at the foundation was difficult
to determine. A rigid cantilever condition was assumed which 1is apparently
incorrect. The first tower wode in the direction of the rotor axis was computed
to have a frequency of 158 cpm without including the yaw post and of 134 cpm with
its inclusion, while the measured value is 112 cpm. The second tower mode was
computed to have a frequency of 796 cpm vs. the measured value of 750 cpm. The
frequencies of the lateral modes perpendicular to the rotor axis were computed
to be even higher. They could not be measured and are apparently not excited by
the rotor. Horizontal oscillatory rotor forces are absorbed by the inertia of
the nacelle and damped by the horizontal tail vane motiom. The 1F tower
resonance at 112 rpm was noticeable during the atmospheric tests but not severe.
The 2P tower resonances are at 56 vpm for the first mode and at 375 rpm for the
second mode. Both are outside the operational rpm range. The 4P resonance with
the second tower mode at 187 rpm appears to be mild. For the tower vibration
analysis the rotor was assumed to act as a point mass. However, coupling




between blade and tower wmodes was considered in the aeroelastic analysis., No
appreciable tower resonances occur except for the mild 4P resonance with the
second tower mode, and mild 1P resonance with the first tower mode,

The vertical tail boom mode natural frequency was computed to be 280 cpi. The
measured value with the tail boom installed on the machine is 160 cpm. The
boundary condition at the root of the tail boom is far from being cantilever as
assumed in the analysis. The lateral boom mode could not be excited and is
strongly damped by the tail vane. Although the analysis was limited to the
unfurled configuration, the dynmamic tests showed that the natural frequencies of
tower and tail boom are not measurably affected by the furl angle, The
following table summarizes the natural frequencies obtained by the analysis
described in Appendix B and by testing.

Table 5~1. COMPARISON OF ANALYSIS AND TEST NATURAL FREQUENCIES

Analysis Test
First Tower Mode 134 112 cpm
Vertical Tail Boom Mode 280 160 cpm
Second Tower Mode 796 750 cpm

The 1P, 2P and 4P resonances are shown in Table 5-2.

Table 5~2. TOWER AND TAIL BOOM RESONANCES

Excitation First Tower Mode Vertical Boom Second Tower Mode
1p 112 160 -
2p 56 80 e
4p ‘ 28 ' 40 180 rpm

Although mild, the 1P resonances are clearly seen in the oscillograph records.
The 2P and 4P resonances below 90 rotor rpm are also clearly seen but they are
not severe. The vertical boom resonances could be reduced by installing a
horizontal damping surface at the aft end of the tail boom.

5.4 AEROELASTIC STABILITY ANALYSES
5.4.1 Flutter
Classical blade flutter can occur when the torsion mode frequency coalesces with

a bending mode frequency. Torsion modes have been neglected in the preceding
dynamic analysis since the lowest torsion mode frequency is much higher than the
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bending mode frequencies of interest (30 Hz vs. 8 Hz). An analysis including
blade torsion was performed and is described in Appendix B. It is found that a
coaslescence between the torsion mode frequency and the second flap-bending
frequency would not occur below 1000 rpm and that even then the coalescence
would not result in flutter. The coupled mode is always positively damped.
While the computed 1000 rpm case is fictitious (due to the neglected Mach number
effects the rotor could not reach this rpm anyway) the study does show that
flutter cannot occur evea at substantial overspeed due to the high blade
torsional frequency.

$.4.2 Whirl Instability

A two-bladed rotor can exhibit whirl imstability in the region where rotor rpm
and tower natural frequency coincide. For equal rotor support stiffness in the
vertical and horizontal directiom, as could occur with a yaw gear drive, a whirl
instability is in fact predicted. Due to free-yawing under the influence of the
tail vane, the rotor support stiffness in the horizontal direction is zero. An
analysis presented in Appendix C shows that no whirl instability exists for this
case., The whirl analysis was performed prior to the inclusion of the softening
effect of the yaw post in the analysis of the first tower mode natural
frequency. The first tower mode natural frequency was initially computed to be
158 cpm as compared to 134 cpm for the improved analysis and a measured value of
112 cpm. The atmospheric tests showed no sign of a whirl instability.

5.4.3 Ground Resonance

What is misleadingly called ground resonance in rotorcraft technology has
destroyed many helicopters. 1t occurs for our machine in the region where the
uncoupled tower mode in the rotating frame with frequency Q-w,., coalesces with
the uncoupled asymmetrical in-plane mode frequency. This coalescence occurs far
above the operational range at about 700 rpm. A weak instability with 0.02
negative damping ratio occurs in the rotor speed range between 420 and 500 rpm.
The coalescence of the uncoupled tower mode frequency in the rotating frame @ +
w. with the in-plane frequency takes place in this range. This instability is
a?sa far above the expected maximum overspeed of 300 rpm. Furthermore, the
omitted tail vane damping and yaw bearing friction will most likely
overcompensate the small negative damping found using the simplified
mathematical model. The coupled mode shows substantial participation of rigid
yawing, so that both of the two damping sources will be available. The analy-
sis, using the method of Ref. 11, was again performed before the yaw post effect
had been considered and uses 158 cpm as the frequency of the first tower mode.

5.4.4 Rotor Rigid Body Mode Instability

The rotor rigid body mode frequency of 1.7 coalesces with the asymmetrical in-
plane mode frequency at about 350 rpm. A closed form approximate solution
showed a negative damping ratio of the coupled mode of 0.001. However, the
finite element analysis of Ref. 11 gave, positive damping of the coupled mode.
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SECTION 6.0

FULL SCALE WIND TURBINE STUDIES

When considering the best approach to a quantitative experimental study of a
wind turbine with blade ecyclic pitch variation, the question arose whether to
use wind tunnel tests with a large wind tunnel model with adequate Reynolds
number or atmospheric tests. The advantage of wind tunnel tests is that the
steady flow characteristics can be easily compared to analytical results., The
disadvantage is that a realistic simulation of the effects of variable wind
velocity and direction is not feasible. Also, under present conditions it was
unlikely that we could have obtained an early time slot in one of the larger wind
tunnels. Therefore, atmospheric testing appeared to be the only practical
approach. Due to the random variability of wind speed and wind direction,
statistical data collection and processing was the preferred method of
atmospheric testing.

It would be desirable to use the average wind velocity and direction over the
rotor disk as independent variables. However, the measurement of flow
velocities near the rotor disk requires sophisticated equipment like laser
velocimetry which so far has only been used in the laboratory, not in the field.
In the absence of flow measurements at the rotor disk one has to relate the wind
speed measured at some point near the rotor to the random performance or load
measurements. For this purpose the method of wind speed "bins" developed at
Sandia Laboratory is useful and can serve as a standard method to compare
characteristics of different wind rotors for the same wind speed distribution,
or the effects of different wind speed distributions on a particular type of
wind rotor. A comparison with analytical data would require the use of random
process theory. The mean value of a random measurement variable associated with
a wind speed "bin" is not the same as the steady state value associated with the
wind velocity at the center of the "bin". The location of the reference wind
speed pick-up can also greatly influence the results. For all of these reasons
atmospheric test data have to be carefully interpreted. A comparison with
analytical steady state data or with atmospheric test data for other wind rotors
at other locations is not at all straightforward. We have used rotor speed
“bins" rather than wind speed bins for some of the statistical data
presentation. The uncertainties in the relations are then reduced. Many of the
dynamic variables depend primarily on rotor speed and only indirectly on wind
speed.

6.1 ATMOSPHERIC TEST EQUIPMENT

The proposal for the research on the vawing of wind turbines with blade cyclic
pitch requested a grid connected induction generator with 1.5 kW rated power
driven by a 4 m diameter wind rotor. The proposal argued that the small test
rotor would allow easier modifications than a more practical larger size. The
proposal considered quite drastic configuration changes including a change from
upwind to downwind rotor position and a change from passive to active cyelic
pitch variation. Later considerations of the kind discussed in Section 3 made
it evident that the selected configuration was superior to possible other
configurations, so that no configuration changes need be considered for the
atmospheric test equipment. Furthermore, it was found that for the slender
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blades needed for the concept of autorotational storm survival, the blade
Reynolds number for a 4 m diameter rotor would be rather low and not typical of
more practical wind rotor sizes. For these reasons it was decided to conduct
the atmospheric tests with a larger wind rotor with 8 to 10 kW rated power
output.,

In the search for an off-the~shelf machine of the size and configuration desired
with upwind rotor location and variable tail boom position, two were found that
looked promising: The Millville Model 10-3 and the Astral Wilcon Model 10B.
The Millville machine was offered either with an induction generator for grid
connection, or with a much heavier self excited generator for stand alone
operation. As was explained in Section 3, the induction generator would require
either a very accurate rotor speed limitation or a combination of rotor speed
and torque limitation. The Millville machine with induction generator did not
have torque control; it had merely a rotor speed control by blade feathering
which is claimed to be sufficiently accurate to serve as torque limitation.
Since we could not be sure that a yaw angle rpm control with sufficient accuracy
for application to an induction generator could be easily developed, we
preferred a self-excited generator where, for a comstant electric load, a rotor
speed limitation also serves as torque limitatiom.

When comparing the Millville Model 10-3 machine equipped with self excited
generator to the Astral Wilcon Model 10B which was only offered with a self-
excited generator, the Astral Wilcomn machine appeared to be the better choice.
The blades are molded using glass fiber reinforced resin, they are strongly
tapered and twisted and they have a low blade solidity. The Millville blades
are made of riveted aluminum sheet metal, have constant chord, have a much
greater blade solidity and are much heavier. The rest of the Millville machine
is also much heavier. The self-excited generator alone weighs 600 1lb, close to
the total weight of the Astral Wilcon 10B machine. A low moment of inertia about
the yawing axis is desired since the load of the tail boom actuator is
determined by this moment of inertia and by the bearing friction. A dis-
advantage of the Astral Wilcon 10B machine is that prior operation experience
exists only with some components like the blades, the alternator and the tail
boom with vane. Support beam, gear train and yaw bearings with yaw post are a
new design with no prior experience. This led to certain problems to be
discussed later. Also, no performance measurements had been made with the
Astral Wilcon 10B wind turbine and therefore we did not know whether it was an
efficient and cost effective wind energy conversion system. The purpose of the
atmospheric tests was to establish the characteristics of the new wind rotor
under study, mnot to develop an efficient prototype. Therefore, the
uncertainties about the selected machine were not believed to be detrimental to
the purpose of the study.

The Astral Wilcon 10B machine is standardly equipped with a three-bladed rotor
with automatic feathering comtrol whereby the blades themselves act as fly
weights for the constant speed governor. They move radially outward under the
influence of the centrifugal force and against the forces of heavy springs. The
radial motion of the blades is coupled with collective blade pitch changes. The
two~bladed rotor of the atmospheric test equipment with its passive cyclic pitch
variation was designed in cooperation with Astral Wilcon, using modified Model
10B blades and modified blade retentions. The rotor was built at Astral Wilconm.
The entire machine including rotor was received by WUTA in March 1980. It was
mounted on a pedestal in the WUTA laboratory and subjected to numerous tests to
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be described under the headings for the various components. Certain structural
weaknesses were removed by appropriate modificatioms, also to be described
later. After mounting the strain gages, all calibrations were performed in the
laboratory.

An instrument shed was positioned just outside the laboratory with direct access
from the laboratory. All required electrical circuitry was installed in the
shed together with the recording equipment and associated electronics.
Simultaneously the test site was prepared by constructing the tiltable tower
with its cradle, working platform, power winch foundation and gin pole. 1In
May, 1980 the machine and instrument shed were transported to the site and the
machine was mounted on the tower. The first machine run was achieved on May 23,
1980. The various components will be described in the following subsections.

6.1.1 Site

The site for the atmospheric test equipment was in the the 2000 acre wooded
Tyson Research Center owned by Washington University. Figure 6-1 is a top-
ographical map of the site enviromment. The test turbine was located close to
the high point of a ridge that extends in the north-south direction. The ridge
was wooded, but a sufficient number of trees have been cut so that the site is
now completely open between the southwest and northwest, the sector of the
prevailing wind directions. In other directions there are trees which reach 25
ft above the base of the tower. However, the 25 ft diameter wind turbine is
mounted on top of a 60 ft tower and therefore is effectively open to wind from
all directions. The instrument shed, the power winch and gin pole for raising
and lowering the tower are on the ridge to the north of the tower. The entire
research park is enclosed by a fence and has only one access, controlled by a
guard. Access to the site is via a 1.2 mile dirt road with a steep slope to the
top of the ridge. The access road begins 1/3 mile from the gate down the paved
road toward the administration building. After the initial steep slope the road
follows the ridge with only minor up and down slopes. The access road is
drivable the entire year except during times of solid snow cover. AC power and
telephone service is available 500 ft to the north of the site.

Work at the site began in December, 1979 with the pouring of a 11 X 11 X 4 ft
concrete foundation for the tower. It continued in January, 1980 with the
erection of the first 20 ft tower section. Further work at the site was delayed
until April, 1980 due to a solid snow cover during February and most of March.
All installations at the site were completed in May, 1980. Various pieces of
test equipment are described under their respective headings in following
sections,

6.1.2 Rotor

The assembly drawing of the atmospheric test equipment (Appendix E) shows an
axial and a side view of the rotor. The blade geometry has been discussed in
Section 5.1 and the dynmamic blade characteristics were discussed in Section
5.3.1. The blade spar material has 50% glass fiber content. The style 1600
glass fiber used in the blade spars has the following properties: tensile
strength, 67 ksi; flexural strength, 150 ksi; modulus, 3,300 ksi. The fatigue
strength is probably not more than 25% of the ultimate strength. The blades
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have been operated in the first version of the Model 10B for several months
without failure at a site in Chelmsford, MA. Astral Wilcom has not released a
detail design drawing of the blades from which a structural analysis could be
made. However it is believed that the sustained prior operational experience of
the blades is sufficient to have confidence in their structural integrity for
operation on the test rotor. A third blade, used for dynamic tests, is
available for structural tests if so desired and could also be cut at various
blade sections to determine the fiber structure.

As shown on the assembly drawing in Appendix E, each blade is retained by two
clamps which are bolted to two aluminum channels. The clamps are made from
modified cast aluminum bearing blocks used in the Model 10B rotor. These clamps
were used as molds for the blade shanks and for the blade retention rings molded
onto the shanks. They transfer the centrifugal force to the clamps in addition
to force transfer by friction. By later using the molds as clamps a uniform fit
was obtained. The penalty of this process is that the clamps are not
exchangeable. While the centrifugal force is transferred both by friction and
by the molded retention rings on the blade shank, torsion is transferred only by
friction. After loosening the bolts that connect the blade clamps to the
aluminum channels the blade can be rotated with respect to the clamps, and
therefore blade pitch is adjustable. The blades were carefully adjusted for
pitch setting when the rotor was assembled in the laboratory. When the rotor
was run at the site, the blades tracked perfectly and required no further
adjustment. This is quite unusual for wind rotors. It is believed that the ease
of achieving good blade tracking is a beneficial side effect of the passive
cyclic pitch arrangement; an arrangement which automatically compensates for
most of the difference in pitch setting between the two blades. The blades
carry a marker and the outer clamps carry a scale, This allows the pitch of both
blades to be changed by the same amount in order to experimentally establish the
optimum blade pitch angle. The blades weigh only 31 1b each, a very low weight
compared to most wind turbine rotor blades of this size. One blade came with an
external balance weight installed at 0.7R. It was replaced by an internal
balance weight of 2.6 1b fastened to the blade shank between the two blade
clamps.

The aluminum block retention channels are connected on both sides by bolted
aluminum plates to form a closed box for greater stiffness. The center of the
channels carry the aluminum bearing blocks for the cyclic pitch bearings. Rulon
flange bearings are inserted between the bearing blocks and the steel pin welded
to the hub. The axial view in Appendix E shows the cyclic pitch axis rotated
from its normal position in line with the blade axis by 23~ in the sense of a
blade prelag as described for the rotor model in Section 3.3. The center of the
rearward channel has a reinforced circular opening to insert the rotor shaft.
The connection between rotor and shaft is made via a welded hub with taper lock,
commercially available. The inner ring of the taper lock is fastened to the
shaft by a key to transmit torque and by a drift pin to prevent forward motion in
case of forward thrust. The normal rearward thrust is transmitted to the shaft
by a sleeve. The rim of the reinforced circular opening in the rear channel
forms a stop which limits cyclic pitch amplitude. Rubber pads are inserted at
the contact location between the shaft and the rear channel. They provide a
spring constant of 1200 in-1b flapping moment per degree.
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Mounting the rotor to the shaft is a simple operation. Two horizontal screws,
accessible from the rear of the hub, pull the outer taper lock ring against the
inner taper lock ring fastenmed to the shaft by key and drift pin. There is a
third screw for loosening the taper lock connection after removing the first two
screws. The rotor can then be removed from the shaft. The holes for the
tightening screws are one-half in the outer ring which has threads, and one-half
in the inner ring which has no threads. These screws act as keys to transmit
torque from the outer to the inner ring in additiom to friction., The advantage
of the taper lock connection is that there can be no play between hub and shaft
which may cause fretting corrosion.

The retention structure and the hub weigh 80 1b. This high weight is necessary
to adapt the long blade shank to the retention mechanism. The channels are 50 in
long, much longer than would be required for a new blade design. Since the Model
10B blade bearing blocks were transformed to clamps, the retention structure has
a greater cross section than would be necessary with a new blade design.
Eliminating the heavy clamps with the many attachment bolts will also save
weight and cost. A prototype machine having a known optimum blade pitch angle
would not require adjustable clamps.

6.1.,3 Power Transmission

The rotor drives a Morse 115D15 shaft-mounted two-stage speed reducer with a
total gear ratio of 15:1. Astral Wilcon has no prior experience with this speed
reducer. Morse did not know the operating characteristics of the 115D15 reducer
when using it as a speed augmenter as is dome in the wind machine., The speed
reducer has spiral teeth which are torqued in the opposite direction in the
AW10B application from that for which they were designed. The very low
efficiency, measured as the ratio of electrical power output over rotor power
input, during atmospheric testing at low rpm may have been in part caused by the
low efficiency of the speed reducer used as a speed increaser. Monitoring the
gear box temperature during extended operation at rated power is desirable., The
torque link of the shaft-mounted speed reducer develops a load of 950 1b at
rated power. The moment arm of this force to the rear shaft bearing is 4.3 in.
The shaft bending moment (4100 in-1b) from the speed reducer torque link is the
highest the shaft experiences and is very much higher than the bending moment
from the rotor weight. The alternating stress in the 2 in diameter rotor shaft
is + 10.4 ksi. For this reason the shaft is made of high quality 160 ksi
strength steel. It is expensive and difficult to machine. The rotor shaft
could probably be made of lower quality steel to save machining and material
costs in a prototype machine by moving the speed reducer closer to the rear
shaft bearing.

There is no taper lock connection between rotor shaft and gear shaft, merely a
key for transmitting torque. The torque link load apparently prevents play in
the connection., The Morse speed reducer is widely used in industry and should
represent a mature design. The speed reducer weighs 80 1b. The torque link
connection to the carrier beam looked inadequate and has been reinforced. The
speed reducer output shaft turns 15 times rotor speed and is located at the
rear. 1t carries a pulley and timing belt which drives the alternator. The
alternator is supported by a bracket bolted to the speed reducer rear face. The.
machine was delivered with a set of pulleys that gave a total altermator to
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rotor gear ratio of 25:1. 1In order to make atmospheric testing more flexible,
two new sets of pulleys were purchased to reduce or to increase the total gear
ratio by + 15%. The machine was delivered without a tach generator. A tach
generator (also used as a starting motor) was shaft-mounted.to the speed reducer
output shaft. The rotor shaft extends through the speed reducer. A slipring
unit with 12 silver sliprings is mounted to the extension of the rotor shaft at
the rear of the speed reducer. The rotor shaft has a 0.5 in bore extending all
the way from the rotor hub to the slipring unit to accept wires from the rotor
strain gages. Since the timing belt provides a very soft connection between
rotor and alternator, dynamic drive system problems are not anticipated. Drive
system torsional vibrations were measured by a strain gage torque meter located
behind the rotor hub.

6.1.4 Alternator

A Maremont Model E-95 12 volt brushless truck alternator was rewound by Astral
Wilcon. It weighs 35 1b as compared to 600 1b for the Millville Model 10-3 self-
excited generator. During a bench test with an electric resistance load of 5.5
ohm at 5500 rpm it delivered 220 V, corresponding to 8.8 kW. It has operated
several months in the Chelmsford, MA machine. In order to limit the voltage to
200 V (needed for the installation of the 8 kW Gemini synchronous inverter) the
number of stator windings was reduced from 34 to 28. This alternator version
was used in a Model 10B machine erected in Harvard, MA in March, 1980. A similar
alternator was delivered to WUTA.

Two field failures were experienced in the Harvard machine within a short time.
It was not established whether the field wire breakage was caused by vibrations
or by overheating. Astral Wilcon rewound the alternator field with thinner wire
which increased the field resistance from 200 to 700 ohm. The windings were
embedded in epoxy to prevent vibration damage. The original alternator was
exchanged for one with the modified field. We checked this alternator in May,
1980 on a production test facility with a 5.15 ohm electric load. The voltage
and power output vs. rpm curves begin to flattem out at 4500 rpm with output
power of 4.6 kW. At 5500 rpm the output was 200 V, corresponding to 7.8 kW. All
generator configurations tested had tuning capacitators, as shown in Fig. 6-2.

We were concerned about the early flattening of the output POWer VS. Tpm Curve,
Astral Wilcon offered to exchange the first replacement alternator with a second
replacement which had the original 34 stator windings but with the higher
resistance field. We were advised to use 60UF tuning capacitors with this
version rather than the 50uF installed before. The second replacement
alternator was mounted in the machine without bench testing. During atmospheric
testing the voltage vs. rpm curve peaked at 173 V at 4400 rpm, corresponding to 5
kW. At 5500 rpm the power output decreased to 4.2 WW. Apparently this version
of the alternator was mistuned. In October, 1980 we replaced the latest
alternator with the one previously used. With a 6 ohm load resistance and S50uF
tuning capacitors it gave an output of 7.5 kW at 5500 rpm, somewhat less than
obtianed for the bench tests. The various alternator configurations and their
parameters are listed in Table 6-1.
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Table 6-1. ALTERNATOR CONFIGURATIONS

Number of Field kW
Stator Resistance, at
Config. Windings ohm 5500 rpm Test Comment
1 28 200 ? = 2 field failures
2 28 700 7.8 WUTA Bench First replacement
7.5 WUTA
Atmosph.
3 34 200 §.8 A.W. Bench Chelmsford machine
4 34 700 4,2 WUTA Second replacement
Atmosph.

As mentioned before, the ratio of electrical power output over rotor power input
as determined during atmospheric testing is very low, particularly in the middle
and lower power range. Though we have no way to differentiate between
electrical and mechanical losses in the transmission system, the alternator may
experience high losses at low power. The tuning capacitors are designed to
increase the maximum power output from about 5 kW to over 8 kW at rated speed.
The effect of the tuning capacitors is likely to reduce alternator efficiency in
the middle and low power range mostly used in the wind turbine.

Before designing a prototype with this alternator, the question of optimum
configuration with respect to variables like number of stator windings, tuning
capacitors and field should be established by bench tests. The test results may
show that the alternator, even in its optimum configuration, is not suitable for
an 8 kW wind turbine.

According to the manufacturer, the alternator cam withstand an overspeed of
10,000 rpm which corresponds to 400 rotor rpm. Since the manufacturer could not
give any information on maximum acceptable alternator gyroscopic loads, we ran a
test where the alternator was subjected to a gyroscopic load that would occur at
6000 rpm for a yaw rate of 1 rad/sec. The alternator passed this test without
any indication of damage to the rotor. The actual maximum yaw rate is expected
to be about 0.5 rad/sec. The maximum yaw rate measured to date was 0.3 rad/sec.
Figure 6-2 shows the wiring diagram for the alternator. The stator windings
produce three-phase ac which is rectified by diodes to dc. The field and the dc
load are in parallel.

While the principle of using automotive components in wind machines is very
interesting because these components are cheap, light and easy to replace, much
more experience must be accumulated with such components to be sure that this
selection is more cost effective than using components that are designed for the
long life required for wind turbines.
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6.1.5 Tail Boom Vane

The 204 in long aluminum tail boom is adapted from a commercially available lamp
post. The diameter reduces between root and tip from 7 to 6 in. It weighs 92
1b. The tail vane is made of fiberglass material, weighs 28 1b and is bolted to
the tail boom. The geometry can be taken from the assembly drawing in Appendix E
and alsoc from the Table in Section 4.1. The furl bearings at the root of the
tail boom are 3 in diameter Rulon flange bearings which are not obtainable off-
the-shelf but are special made and very costly. When the decision to use Rulon
bearings was made, the furl actuator had not as yet been selected. We were
concerned that the higher friction of the less costly bronze bearings used for
Model 10B may affect actuator operation. The friction of the Rulon bearings
under the gravity load of the tail boom and vane were measured to be 80 ft-1b.
The electric furl actuator can overcome 250 ft-1b, The furl actuator bracket is
aluminum, welded to the top of the tail boom near its root.

For the Astral Wilcon Model 10B, the tail boom is elastically connected to the
furl actuator to relieve the rotor of gyroscopic loads. These springs are
omitted for the atmospheric test machine since the passive cyclic pitch rotor
can accept high rates of yaw. One might suspect that the omission of the springs
would lead to higher tail boom horizontal root moments. However the strain gage
measurements showed small oscillatory moments, well within the estimated
fatigue strength of the tail boom. The highest root moment occurred during the
cut-in and cut-out of the furl actuator, which accelerates and decelerates quite
rapidly. . Although the aluminum tail boom when produced from a collision damaged
lamp post is inexpensive, a fiberglass boom and vane produced in ome mold would
be more suitable for a prototype machine. The main load that the furl actuator
must overcome is the tail boom bearing friction resulting from the gravity
moment. Therefore, it is important that the boom and vane be as light as
possible.

6.1.6 Carrier Beam and Yaw Post

As can be seen from the assembly drawing in Appendix E, the main structural
element of the nacelle is the 8 by 5.3 in I-beam. The I-beam must transmit the
gravity moment of the tail boom and vane, the rotor and rotor support, and the
rotor thrust and torque to the yaw post. This is no problem in the unfurled
position of the tail boom since the I-beam is subjected to bending. However, in
the furled position of the tail boom its gravity moment l1oads the I-beam in
torsion, causing high stresses and a lack of stiffness. This deficiency was
determined at Astral Wilcon when the chassis was supported by the yaw post and
the tail boom was furled. To correct the problem, 1/8 in steel plates were
welded to each side of the I-beam over part of its length and delivered to WUTA
in this configuration. An attempt to analyze the structure showed that the side
plates are rather ineffective without bulkheads to close the box. A rear
bulkhead was added, the side plates were extended all the way to the front of the
I-beam, and the front end was closed. The I-beam was then completely boxed and
the structure was capable of accepting the large gravity moment of the tail boom
and vane in the furled position without excessive stresses and excessive
torsional softness.
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The yaw post is welded to a flange that is bolted to the lower I-beam flange.
This is a rather soft connection even though it had been stiffened by boxing the
I-beam. In a prototype a box beam should be used as the main structural element
rather than an I-beam, and the yaw post should be welded or bolted to both the
upper and the lower sides of the box beam. The yaw post is made from high
quality seamless tubing having a 3 in diameter and one-half inch wall thickness.

6.1.7 Furl Control System

As seen from the assembly drawing in Appendix E, the furl actuator is located
above the tail boom and extends between brackets on the tail boom and the
carrier beam. Figure 6-3 shows the kinematic characteristics of the furl
actuator. Extension and moment arm with respect to the tail boom bearing center
are plotted vs. furl angle. The extension vs. furl angle curve is slightly
nonlinear. The moment arm varies between 2.7 in in the furled position and 4.4
in at 30° furl angle and back to 3.7 in at zero furl angle. The actuator is a 12
V dc Saginaw Steering Gear "Performance Pak' with 12 in stroke, 750 1lb maximum
operating load and 3000 1b maximum static load. A ball screw is driven via a
reduction gear by a 12 V dc motor. The actuator has a 30 percent duty cycle to
prevent motor overheating. The irreversible actuator has a constant rate of 1.1
in/sec, almost independent of load. It accelerates and decelerates rapidly, and
is mass produced for the automotive industry. It is inexpensive and easily
replaced. As can be seen from Fig. 6-3, only one-half of the 12 in stroke is
used in our application.

An actuator "proof test' was conducte%)with the machine installed in our lab-
oratory on a pedestal. The time to 85 furling was 4.7 sec. Starting current
was 60 amps. Steady state running current was 12 amps. Initial boom hinge
moment was 150 ft-1b with 12 Hz oscillations and 75 ft-1b after 1 sec. When
fully cycling the actuator five times per minute (0.78 use factor), the motor
temperature rose from 21°C to 70°C in 18 minutes. Except for the statement that.
among many hundred-thousand actuators sold only a few were returned because of
malfunctions, actuator reliability data could not be obtained from the
manufacturer.

Figures 6-4a and 6~4b show the manual and automatic furl/unfurl control systems.
The actuator motor was powered by two relays; ome for furling, one for unfurl-
ing. The relays are tripped by a low voltage circuit a) in response to a
manually operated toggle switch, b) in response to limit switches at both ends
of the actuator travel, and c) in response to overspeed and underspeed voltage
signals from the tach generator. An underspeed sensing relay is available but
has not been used in our tests. When the overspeed signal trips the furl relay,
the actuator travels toward the furl direction until rated rotor speed is
established. 1In the event this system malfunctions, it can be overridden by a
manual toggle switch which directly powers the actuator to furl or unfurl. The
actuator was manually set to desired furl angles and statistical data were
collected until overspeed furling occurred. After the wind speed had subsided
below the value that caused the overspeed, the operator reset the machine to the
proper furl angle. The microprocessor was programmed in a way such that furling
due to overspeed interrupted data collection.
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The furl control system was designed to automatically furl the rotor in response
to a rotor overspeed signal to relieve the operator of continuously monitoring
rotor rpm. Resetting the desired furl angle after automatic furling resulting
from overspeed is left to the operator.

In the Astral Wilcon Model 10B machine, the electrical actuator serves only as
an emergency furling device in the event of failure of the automatic blade
feathering control system. 1Its use for the automatic furl control of a wind
turbine with blade cyclic pitch variation does not appear to be practical
because of its 30 percent duty cycle and its comstant rate of travel. A con-
tinuous automatic furl control system should be developed for prototype machine
application,

6.1.8 Tiltable Tower

To facilitate maintenance and calibration of the instrumentation of rotor and
nacelle we modified the Unarco-Rohn Type $.S.V. 60 ft (19.7 m) tower so that it
could be tilted from the vertical position to a position about 6° from
horizontal. Appendix E shows a side view of the tilting mechanism. Two of the
three tower legs were hinged. Four clamps are shown in the drawing. Actually
seven clamps per leg were used to attach two angle irons to each of the two
legs. A test was performed in the Structures Laboratory of Washington
University to determine the structural limit of the clamping arrangement  Each
clamp can tramnsmit 1000 1b from the leg to the angle iron. However, the linear
range of the force-deflection curve is only 300 1b. With seven clamps, 2100 1b
can be transferred per leg without permanent deformation or slippage. The
bearing block attachment was also tested. A 2000 1lb horizontal force can be
sustained without slippage in the elongated holes of the flanges.

Figure 6-~5 shows the positions of tower, gin pole or boom and cables for a number
of tower tilting angles. Tower plus machine weight is 2200 1b. The center of
gravity is 35 ft above the tower hinge and the cable attachment is at this
location. The gin pole weight is neglected. The tower boom and cable forces are
given in Table 6-2.

Table. 6=2. TOWER, BOOM AND CABLE FORCES FOR TOWER TILTING

Tower  Tower Boom Horizontal Horizontal Tower-Boom Boom=Winch
Tile, Force, Force, Tower Force, Boom Force, Cable Force, Cable Force,
Degrees k-1b k=1b k-1b k~1b k=-1b k-1b

90 2.2 0.0 0.0 0.0 0.0 0.0

69 2.6 0.6 1.0 0.4 1.1 0.8

48 2.7 1.4 1.9 0.7 1.8 1.6

27 2.6 2.6 2.3 0.4 2.6 2.4

6 2.0 3.7 2.0 0.8 2.9 3.3




Horizontal tower force and horizontal boom force at the hinges are given in the
table. The tower and cable forces listed are distributed between two legs and
two cables. The maximum boom force including the boom weight of 600 1b is 4300
1b. The winch and cables are designed for 8000 1b loads and have an ample safety
margin, The gin pole has guy wires for lateral stabilization., The tower also
has lateral guy wires which are normally loose but can take lateral forces if
necessary. There are wooden cradles for both the tower and for the gin pole.
The gin pole is in near vertical position when the tower is near horizontal
position. The boom gravity moment balancesothe tower gravity moment about the
tower hinge line when the tower is about 10° from vertical. The boom to winch
cable becomes slack and the tower tends to drop on the leg opposite the hinged
legs. An automatic hydraulic lift jack with a 14 in stroke supports the third
tower leg during the final phase of tower raising in order to cushion this drop.
When lowering the tower, the 1lift jack is raised until the boom winch cable
becomes tight. From there on the winch controls the tower lowering process.

Figure 6-6 shows the tower leg foot before and after the modification. Before
modification, the square leg flanges rest on four lower flange nuts which allow
height adjustments for plumbing the tower. The upper flange nuts are tightened
after plumbing. The anchor bolts extending through the flange holes also
prevent the tower from tilting after removal of the upper flange nuts. The
modified tower leg foot has shortened anchor bolts, long spacer nuts, and bolts
that tie the leg flange to the Spacer nuts. A ground plate carrying two bearing
blocks is held down by four long spacer nuts. The tower can can be tilted about
the two tower hinges without interference after removal of the flange bolts from
all three leg flanges. The modified tower leg foot is not height adjustable.

The first of the three 20 ft long tower sections was built using the original
tower leg foot with ground plate in place. Since this foot is height adjust-
able, the tower section could be plumbed. The distance between leg flange and
ground plate was measured for each of the 12 anchor bolts. Spacer nuts of
correct length were then made. The tower section was lifted off the anchor
bolts, the anchor bolts were shortened, the long spacer nuts were installed, the
tower section lowered, and the flange bolts were inserted and tightened. The
leg clamps shown in Appendix E were attached and the angle irons bolted in
place. The pins were inserted into the bearing blocks and through the holes in
the angle irons after properly adjusting the angle irons. There are two bearing
blocks per tower leg with angle iroms in between the sets of blocks.

After removal of the leg flange bolts the lower tower section was tilted into a
horizontal position, supported by a temporary cradle. The two upper 20 ft tower
sections each were constructed, taking care that their axes coincided with that
of the lower tower section to retain the tower plumb. The gin pole was attached
to the bearing blocks on the ground plate under the tower leg opposite to the two
hinged tower legs. Winch cables were installed and the tower was raised to the
vertical position. The tower cradle and working platform were built, so that
the tower, after lowering to the near horizontal position, was ready to receive
the machine, The only minor mishap occurred when the gin pole cradle was
damaged from sidewise swinging of the gin pole when it was lowered to its
cradle. The sidewise swinging was possible because the guy wires were loose due
to misalignment of their ground attachment points with the gin pole tilting
axis. After correcting this condition, lowering and raising of the tower with
‘the winch became routine,
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Although the development of the tower tilting mechanism involved considerable
effort and costs, substantial overall cost and time savings were achieved by
using a tiltable tower. The ease of erecting the tower without a professional
crew, installing the machine on the tower without a crane, installing the
electrical system, and performing numercus instrumentation and maintenance
tasks for the machine on the ground were accomplished without a costly "cherry
picker"”., Tower tilting from horizontal to vertical position and vice versa
takes about 15 minutes including insertion or removal of the 12 leg flange
bolts. Two persons are needed for the operation. The machine is furled during
tower tilting operation. As soon as the tower is tilted somewhat from vertical,
the tail boom swings under the effect of gravity into its lowest possible
position. When approaching the working platform, the tail boom, now in near
vertical position, is manually lifted up to near horizontal position and lowerec
onto its cradle. It has been the policy to lower the tower to its cradle
whenever the site is unattended. The tach generator, used as a motor and as a
brake, is used to position the blades properly before the tower contacts its
cradle. The rotor has the tendency to start when raising or lowering the tower
when the wind is from the West of from the East. Using the tach generator as a
brake, starting can be prevented. Raising and lowering the tower has been
performed in wind speeds up to 15 miles per hour.

6.1.9 Starter Motor - Tach Generator

The starter motor, also used as rotor brake and as tach generator is a 12 V dc
permanent magnet motor. It is conmnected to the output shaft of the gear box
(see the drawing in Appendix E). During a proof test conducted in the WUTA
laboratory when the machine was mounted on a pedestal, the starter motor drove
the rotor shaft to an equilibrium speed of 50 rpm. The rotor shaft frictiom
torque was 5 to 6 ft-1lb, and its starting torque was 15 ft-1b. 1Its power at 50
rotor rpm is 60 watts.

The computed aerodynamic starting torque coefficient is shown in Fig. 6=7. The
rpm and torque scales are shown for 9 mph wind speed. The curve has a minimum at
about 20 rpm. If the wind speed is insufficient and the starter motor is not
operating, the rotor speed will remain in the vicinity of 20 rpm without
accelerating further. This characteristic has been clearly observed during
atmospheric testing. Figure 6~7 indicates that, to achieve self-starting at 9
mph, the friction torque must be reduced to about 2.5 ft=1b. Since the starting
torque increases with the square of the wind speed, a torque of 6 ft~1b will be
overcome in a wind of 14 mph. These conclusions have been confirmed by starting
tests, discussed later in this report.

The starter motor is also used as a brake when tilting the tower. Finally, it is
used as a tach generator to provide the rpm input to the microcomputer and the
overspeed relay. The starter motor is an inexpensive unreliable item and failed
twice during the tests. It costs $12 and is widely available. It proved to be
very useful for the tests but could be omitted for a prototype.
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6.1.10 Instrumentation

Three kinds of instruments were used for recording the test data:

o A multi-channel oscillograph recorder.

o A microprocessor data acquisition system including analog to digital
converters, internal clock, 12 in screen monitor, and printer-
plotter.

o Display instruments for monitoring and manual recording.

Auxiliary recording equipment included a twenty channel "Vishay'" model 2100
strain gage conditioner and amplifier system, a twelve ring slip ring unit to
transmit signals from the rotating system, and various signal conditioning
filters and output buffers. All of the recording instrumentation used was on
loan from Washington University or WUTA. The recording instrumentation was in
use during June, 1980 and was destroyed or severely damaged during lightning
strikes on Jume 28, 1980. The instrumentation was repaired and returned to
service early in September, 1980.
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The measured quantities are divided into slow varying quantities for which a
sampling rate of one per second was adequate, and fast varying quantities which
were sampled at a rate of 128 samples per second or continuously recorded on the
oscillograph. The slow varying measured quantities were: wind speed, rotor
speed, furl position, yaw post position, load voltage, alternator temperature,
and ambient temperature. There were display instruments for all of these
quantities. The first five quantities would be recorded simultaneously with the
oscillograph and microprocessor. The signals were conditioned to vary between 0
and 5 V dec which is the range that the microprocessor accepts. The 5 V input
range is divided into 255 intervals., The analog to digital converter assigns
each measured voltage point to one of these intervals. The largest conversion
error is + 0.01 V or + 0.2% of the total range of the measured quantity.

The oscillograph channels used a 470 ohm damping resistance and had a sen-
sitivity of 4 V/in. The 5 V range of the measured quantities correspond to a
1.25 in range on the oscillograph record. The light sensitive paper speed was
for either 0.25 or 1.00 in/sec. In the operating rotor speed regime between 100
and 225 rpm, the time for one rotor revolution corresponds to 0.15 to 0.066 or
0.6 to 0.267 in on the oscillograph record. The recording rolls were seven
inches wide, so that five quantities could be recorded simultaneously without
overlap. 1In addition, the rotor speed signal which consists of 0.1 in wide
event marks in response to a magnetic pickup were displayed on the paper as a
sixth channel. The rpm signal was taken for all oscillograph records.

The fast varying measured quantities for the rotor were: blade flap-bending,
blade in-plane bending, shaft torque, and blade cyclic pitch variation. The
signal wires from the strain gage bridges pass through the hollow rotor shaft to
the silver slip ring assembly at the rear of the shaft and down the tower to the
instrument shed located 70 ft (24 m) from the tower base. The fast varying
measured quantities for the nonrotating structure are: vertical and sidewise
tail boom bending, fore-aft and sidewise yaw post bending, fore-aft and sidewise
linear accelerations of the rotor bearing block. The lightning strike on June
28, 1980 destroyed one of the linear accelerometers. Prior to the strike it had
been found that the sidewise accelerations are always substantially smaller than
the fore-aft accelerations. Therefore the destroyed expensive accelerometer
was not replaced. After resumption of the atmospheric tests in September, 1980,
only fore~aft accelerations were recorded. Detailed comments on each measured
quantity in the sequence listed above are presented in the following sections.

6.1.10.1 Wind Speed

Until June 28, 1980 a model A7-104-4 anemometer sold by Natural Power, Inc. was
used to measure wind speed. The signal frequency was proportional to wind speed
(1.7 mph/Hz, or 0.76 m/s/Hz). A frequency to dc converter was adjusted during
the wind tunnel calibration such that the display voltmeter and the
microprocessor received 0.18 V/m/s. A "bin" of 1/2 m/s corresponded to 0.090 V.
The 5 V range of the signal corresponded to a wind speed range of 0 to 27.8 m/s
(62 mph). The anemometer was first installed on a horizontal boom attached to
the tower at about 44 ft height. The anemometer boom had a natural frequency of
3 Hz (180 cpm) and was strongly excited by the rotor. To avoid reading errors
and damage to the anemometer, it was relocated on a fixed mast of 40 ft (12 m)
height installed 50 ft (15 m) to the north of the tower. During the transfer to
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the fixed mast the anemometer was damaged beyond repair and was replaced. On
June 28, 1980 the replacement anemometer was struck by lightning and destroyed,
together with all of the recording equipment in the adjacent instrument shed. A
separate mast for the anemometer increases the danger of a lightning strike and
it was relocated to the tower attached boom. Since the A7-104-4 anemometer had
been found to be sensitive to support boom vibrations, it was replaced with a TV
102 Texas Electronics anemometer which produced a dc voltage proportional to
wind speed in the required range of 0-5 V. When checking out this instrument it
was found that it produced a + 1 V oscillation with the frequency of its
rotation. It was returned to the manufacturer and was repaired under warranty
without charge. The oscillation, after repair was reduced to + 0.1 V. A wind
speed signal conditioning circuit (Fig. 6-8) with active filter and three
buffers was developed. The circuit completely removed the signal oscillations.
It also provides three buffered outputs; one to the microcomputer, the
oscillograph and to a dc meter for visual monitoring. Prior to the buffered
output the signal to one of the recording instruments had some effect on the
signals to the others. The TV 102 anemometer had a calibration constant of 15
mph/V and a range of 0 to 75 mph. The calibration constant is 60 mph/in on the
oscillograph record.

The anemometer boom extended to the west of the tower and was not in the wake of
obstacles for the prevailing wind direction. However, easterly winds produced a
wake from the tower structure. The anemometer was located 18 ft (5.5 m) below
the rotor center., Due to the upwind conditions from the ridge on which the wind
turbine is located, the wind speed can be higher at the anemometer than at the
rotor center. This appeared to be true for westerly winds. For northerly or
southerly winds the speed at the anemometer location was expected to be lower
than at the rotor center., Because of the uncertainty about the average wind
speed over the rotor disk the performance coefficient C_ based on the anemometer
readings was not a reliable efficiency measure. P

6.1.10.2 Rotor Speed

There were two rotor speed signals available. One signal originated from a
magnetic pickup which gave one impulse per rotor revolution. It was recorded by
the oscillograph and allowed an accurate determination of the rotor speed by
measuring the distance between impulses. The other signal originated from the
tach generator which produced up to 17 V, contaminated by brush noise. During
the initial statistical data taking, the signal was merely reduced in strength
by a voltage divider, so that the standard deviation for the rotor speed
included the brush noise. Later a rotor speed conditioning circuit shown in
Fig. 6-9 was developed. The circuit had a low pass filter and three buffer
amplifiers for the three outputs to the microcomputer, the dc meter and the
oscillograph. This arrangement prevented interference errors from coupling to
these three outputs as was originally experienced. The calibration constants
were 1 V/60 rpm for the microcomputer to 300 rpm (3 V) maximum, 1 V/100 rpm for
the dc meter, and 1 in/240 rpm for the oscillograph record.
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6.1.10.3 Furl and Yaw Post Positiomn

The electronic configuration of the Boom Position Detector (furl angle) and the
Yaw Post Angular Position Detector circuits were essentially identical. Each
consisted of a high quality rotating wire-wound potentiometer as the movable or
sensing element. Each was excited from an adjustable voltage regulator having
load regulation of + 0.2% with noise and voltage ripple less than 2 mV maximum
over the adJustable excitation range. Each position detector was excited at a
dc voltage level in the range from five to eight volts, dependent upon the
calibration constant of the given circuit. The input voltage to the Vishay
Series 2100 Signal Conditioner was essentially potentiometric in nature. The
input circuit configuration selected allowed high level voltage signals to be
transmitted from the position detector to the signal conditioner rather than
millivolt level signals. Since the transmission distance is approximately 150
ft, high level signals are desirable. Maximum current flow in the signal input
circuit never exceeded 40UA, thereby assuring minimal line loss. Further, the
ratio of detector resistance to transmission wire resistance was greater than
100,000/1. Measurement error resulting from line resistance was therefore not
significant. The amplifier input after scaling varied from five through 20 aV.
Scaling was accomplished directly at the amplifier input using 0 1% MIL-R-551823
divider networks. Amplifier input stability was + 2uV RTI/ °C (maximum) with
noise and drift of less than 10WV RTI/day. The amplifier input is common mode
connected and has input impedance approaching 26 M ohms. Amplifier Gain (4,)
was set in the range from 100/1 to 300/1 depending upon the output maximum
voltage level required. Amplifier linearity was + 0.05%2 at dc. Circuit
calibration and amplifier operatiomal tests were performed at the control panel
of the Vishay Signal Conditioner. Additionally, the circuit was configured to
allow the "balance potentiometer" (normally used for strain gage circuit
balance) to function as a voltage level offset control.

The Boom Position Detector was a 270 degree rotary linear wire-wound potenti-
ometer, mounted on the underside of the tail boom pivot pin. The potentiometer
slider (wiper) was driven by a linear mechanical l%nkage connected to the tail
boom. Overall positicn sensitivity was 0.3 V per 10~ of furl angle. Zero output
voltage corresponded to the fully unfurled position.

The Yaw Post Angular Position Detector was a 360° linear wire-wound potenti-
ometer mounted on a tower brace and the lower yaw post support plate. It was
driven by a timing belt connected to the yaw post. Overall sensitivity was 1.00
V per 100 degrees of yaw post rotation. Zero output corresponded to a North
position. The furl and yaw post position signal conditioning ¢ircuit is shown
in Fig. 6-10.

6.1,10.4 Load Voltage

The alternator load voltage was measured across the resistive load bank which
consisted of seven resistors having nominal resistance of 40 ohm each. The load
resistors were located just outside the instrument shed. Since the voltage was
used to compute the alternator power output by dividing the squared voltage
voltage by the resistance, it was important to estimate the possible error from
a change in resistance with temperature. One of the resistors was connected to
a 250 V source and the resistance measured as it heated up to about 70°C.
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Equilibrium temperature was reached in 10 minutes. The resistance increased
from 40.84 to 41.46 ohm or a 1.57 increase. Since the alternator voltage was
limited to 225 V and was mostly below this value, in atmospheric testing it was
considered unnecessary to correct for the effect of temperature on the load
resistance, The total load bank resistance was 5.8 ohm. Measured at the
machine, the resistance including that of the dc cable to the shed, was 6.0 ohm,
A correction of 6/5.8 = 1.03 was made to the voltage measured across the load
resistors in order to obtain the wvoltage at the alternator location. , The
alternator power output is thus determined as (1.03 X alternator voltage)“/6.0
ohm .

During initial tests, the three-~phase current from the alternator was conducted
down the tower to the shed, where the rectifier and tuning capacitors were
located. The alternating current in the cables adjacent to the signal wires
caused severe noise in all signals. Rectifier and tuning capacitors were then
moved to the tower top and only dc voltage was transmitted to the shed. The
signal noise was greatly reduced but still unacceptable., It was apparently
caused by the ac ripple in the dc current. The dc cables were then inserted into
a metal conduit that extended from the tower to the instrument shed. The noise
in all signals was then substantially eliminated except that the dc load voltage
still contained small ac ripples. A voltage signal conditioning circuit, shown
in Fig. 6-11, was added. It had a low pass filter and buffer amplifiers for the
microcomputer input and for the oscillograph input. The average calibration
constant is 1 V/100 load volts. The visual display dc meter received the load
voltage directly. The voltage signal conditioning unit produced some errors in
the generator output measurements because the signal-voltage relationship was
somewhat nonlinear at low power outputs, and because signal conditioner gain was
temperature dependent. The meter readings were believed to be more accurate and
have been used where available.

6.1.10.5 Strain Gage Circuits

Micro-Measurement 350 ohm strain gages Model CEA-06-250UW-350 were used for all
bridge locations. Each bridge was made up of four gages; two in temsion, two in
compression, The gage factor for each gage was 2.1. For most bridges the gain
in the Vishay 2100 was set for a 2020 amplification factor. The excitatiom
level was 10 V. For a complete four gage bridge the strain is then given by

E = Vole/(10X2020X2.1)

The stress is G = E, where E is the modulus of elasticity. , E = 10.4X106 psi
for the aluminum blade retention and the tail boom. E = 30X10 psi for the steel
yaw post and cyclic pitech flexure. The moment calibrations were made in terms
of nominal bending moments at the rotor center, at the tail boom hinge and at the
upper yaw post bearing. The cyelic pitch flexure, driven by an eccentric, was
calibrated in terms of degrees cyclic pitch deflection. Table 6~3 gives the
Vishay 2100 gain, the volt/umit, the psi/unit, and the oscillograph inch/unit
for the strain gage bridges. For the sake of completeness, the gains and
calibration constants for the linear acceleromometer, for the furl and yaw post
potentiometers and for the load voltage are added to the table.
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Zero or 3.6 V for the yaw post position signal indicates that the rotor axis
points north, Zero volt for the furl position signal indicates zero furl angle
(90° rotor angle of attack). The magnetic pick-up signal for the rotor speed
was always the bottom signal on the oscillograph record. Time moved from left
to right. ©Positive voltage (there was no negative voltage) was from top to
bottom of the oscillograph record. The yaw post bending gain had been reduced
to.one-quarter beginning in October, 1980, in order to limit the output to the 5
V level compatible with the microcomputer A/D input board.

6.1.10.6 Hicrocomputer System

The microcomputer system for statistical data processing consisted nf:

® A 48K, 6502 microprocessor based, "Apple II Plus" Central Processing
Units

e An AI02, 16 channel analog to digital conversion module compatible
with the "Apple II Plus" C.P.U.;

® A plug-in, "Mountain Hardware" real time clock;
® An "Apple" mini~disk drive unit;

) A "Trend Com 200" Thermal Printer; and,

® A black and white video monitor.

Some of the special features available with this system include floating point
BASIC language capability incorporated in the read only memory; built in, high
resolution graphics capability; and print-out capability of the graphics
display in both standard and expanded scales. '

Further details concerning the hardware are available in the "Apple II Plus”
Hardware Manual and other product literature.

Several peripheral devices were added to integrate the computer system into the
project instrumentation system. Three protective devices were added between the
computer power supply and the available grid power. First, a 120 V constant
voltage "Sola" transformer was installed to protect against power transients;
second, filter and surge protection circuits were installed to protect against
lightning and high voltage power surges; and third, a standby power source,
purchased from the Apple Company, was added to provide reserve power to protect
data and programs stored in computer memory in the event of line power failure.

It is significant to note that, although the comstant voltage transformer and
reserve power supply were installed at the time of the lightning strike
described in Section 6.1.10.7, the computer was severely damaged by the strike,
indicating the sensitive nature of these devices to electrical transients.
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In addition to power supply protection devices, a special interface box was
constructed for the 16 channel, 0 to 5 V dc A/D board. It consisted of self-
grounding inputs (i.e. the input connections are automatically grounded when the
patch plugs are removed to guard .against static electric discharges across the
input ports), and 10 V Zener diodes placed across each input to protect against
reverse and over voltages. Use of 5.6 V Zener diodes was attempted, but the
input signals became nonlinear at voltages in excess of 3 to 4 V.

Accuracy of the A/D interface board was determined using a "Fluke" digital
voltmeter and reference voltage source. The board, which converts 0 to 5 V de to
a digital scale of 0 to 255 (0 to FF hexidecimal), read approximately 6% higher
over its entire range. This error was compensated for during data processing by
using 54 digital units per volt rather than 51, as required by the A/D board
scaling factor. Although this limited the upper scale reading to approximately
4.6 V, it had little effect on data accuracy since most data were collected at
values well below the 4.6 V dc limit.

Program and data storage was accomplished using the mini-disk system. One disk
acted as an "operating disk"™ and contained the sampling programs; a second
disk containing the graphical plotting routines. "Bin" data was stored on
separate "data" disks.

All data and programs were copied onto separate back-up disks to protect against
disk failure or operator errors, both of which occurred several times during the
course of computer data sampling and analysis.

6.1.10.7 Lightning Protection

The wind turbine generator test site selected for this study was at an elevation
of approximately 700 ft. It was an isolated wooded area and was without ques-
tion the tallest conductive structure in the area. The test site was located 22
miles southwest of St. Louis, Missouri in an area prone to strong atmospheric
disturbance. The test site was likely to be affected by three main disturbancess
direct lightning strikes, main power surges and induced transients. Direct
lightning strikes are the most severe source of atmospheric disturbance. The
significant factors of concern for direct lightning strikes are the pulse rise
time, current amplitude and current duration. The 50 percentile probabilistic
stroke peak current is about 18,000 amp, with about one in one hundred strikes
exceeding 120,000 peak amp. The stroke duration can persist up to 100 msec and
the rise time of the pulse can approach a few nanoseconds. Most lightning
strikes reach 90 percent of their peak current in less than one microsecond.*®

A severe thunderstorm occurred in the area of the test site on June 28, 1980.
The concentration of high frequency energy resulted in significant damage to the
wind turbine instrumentation. The test site was so severely struck that the
test equipment was subjected to direct strikes, power main surges and
electromagnetic pulses from nearby lightning. The electrical storm lasted

*These data were obtained from Lightning Elimination Associates.
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several hours and resulted in nearly 7000 dollars damage to instrumentation.
Signal transducers including strain gage bridges, accelerometers, positionm
sensing potentiometers and the site anemometer were destroyed by direct strikes.
Computer and signal conditioning instrumentation integrated circuits were
destroyed by line transients and electromagnetic pulses. Fortunately, the
turbine hardware and generator did not sustain damage, although the fuse
protecting the field winding of the generator was blown.

Lightning Elimination Associates carries a complete line of protective devices
ideally suited to elimination of transients and damage from other disturbance
causes. Our emphasis in providing additional lightning and surge protection
hardware was centered on protection of the wind turbine hardware and trans-
ducers. Instrumentation was isolated from signal and power sources when un-
attended. This approach was taken because the cost of providing transient
eliminators (TE's) for each signal system was prohibitive given the duration and
funding level of this work. The following discussion describes the steps taken
to insure safety to equipment from subsequent electrical storms.

The turbine generator was mounted on top of a 60 ft Rohn tower, modified to
provide a tiltable function as described in Sectiom 6.1.8. Each leg of the
tower was connected by a large copper cable to individual grounding rods driven
ten feet into the earth at the base of the tower. The tower was grounded to the
wind turbine generator by three large carbon brushes which contacted the vaw
post. The machine frame was grounded to the main shaft. The main shaft extended
through the gear box to the rotor and passive cyclic pitch mechanism and was
grounded by two large carbon brushes. The blade retention mechanism was
grounded to the main shaft using woven copper straps. The cyeclic pitch
mechanism effectively isolates the blade retention box beam from the main shaft
because Rulon bearings were used in the mechanism. The woven copper straps
provided a flexible ground path around the Rulon bearings.

The grounding arrangement described above provided shunt paths around all
mechanical components likely to sustain damage from a direct lightning strike.
The key components protected were the cyclic pitch mechanism bearings, the gear
box bearings and the yaw post bearings. The tail boom was effectively grounded
to the machine frame through the shunt path of the furl actuator mechanism.

Site protection was further improved by imstallation of a 1lightning rod mounted
to the top of the wooden tower tilt boom (gin pole}. As shown in Fig. 6-5 and
Appendix E, the boom was in the full upright position when the tower was lowered
and resting in its cradle. The lightning rod was connected to two grounding
rods at the base of the boom. The lightning rod was the preferred strike point
for any lightning strikes in the vicinity of the test site and helped insure
protection of the tower (lowered) and instrument shed during perlods when
testing was not in progress.

Metal Oxide Varistors (MOVS) (passive low cost devices) were used extensively on
all tower instruments and power wiring. All MOVS were comnected to grounding
rods. They serve a dual function. During operational tests, they functioned as
low energy high amplitude noise clamps, protecting signal conditioners and A/D
computer input boards from excessive input voltage. They were very effective
when used to bypass furl/unfurl actuator switching noise and commutator noise
from the tach generator.
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The MOVS provided a second protective function when the tower was in the lowered
position and unattended. All signal inputs were discounected from the signal
conditioning equipment and the computer during unattended periods. The MOVS
effectively tied the transducer signal wires to ground., 1In the event of a
lightning strike or other atmospheric disturbance, the MOVS would break down and
drain the voltage to ground. Breakdown occurred in nanoseconds. All conductors
formed shunt drain paths to ground, helping to insure the survival of the
transducers and the integrity of the wiring insulation.

During normal operation and data acquisition, the instrumentation power inputs
were protected by Sola transformers and surge isolators. The surge isolators
protected the instrumentation from power line surges caused by lightning
strikes; earth currents, magnetiec induction, switch arcing and inductive
switching transients.

The main power was disconnected from the instrument shed by a large knife switch
when the site was unattended. The power line ground connector was not
disconnected by this switch. The power line ground connector was connected to
an earth grounding rod at the instrument shed insuring power line ground
conductor integrity.

6.2 DATA ACQUISITION AND PROCESSING METHODS

Two kinds of data acquisition methods were used: Analog data acquisition with
an oscillograph, and digital data acquisition with a microcomputer.
Approximations to steady state data were obtained both from oscillograph records
and from meter readings. Data on transients were extracted from oscillograph
records. Digital data acquisition and processing by the microcomputer were used
to obtain statistics on performance parameters,

6.2.1 Analog Data

Steady state data were difficult to obtain during atmospheric testing since wind
speed and rotor speed were continuously changing. All oscillograph records
contained the traces of wind speed and rotor speed so that it was possible to
judge when a more or less steady state occurred over several seconds.

Sometimes it was not possible to find a steady state record. For example,
conditions with high wind speeds were only obtainable during gusts. In order to
include the gust conditions in the steady state rotor power evaluation, the
angular rotor acceleration was determined from the oscillograph record, and the
inertia torque was added to the measured rotor shaft torque. The sum of rotor
inertia torque and rotor shaft torque equals the aerodynamic torque. It was
found that the inertia corrected rotor torque agreed with the steady state
torque values and could be considered a quasi-steady aerodynamic torque. It was
multiplied by the angular rotor speed to obtain rotor power.

The steady values of the measured quantities showed little scatter when plotted
V8. rotor speed. The larger scatter when plotted vs. wind speed was caused by
the difference between the wind speed reading from the anemometer located 18 ft
(5.5 m) below the rotor center and the average wind speed seen by the rotor.
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Scatter was also caused by the fact that the rotor speed, due to rotor inertia,
follows wind speed changes only after a certain delay.

In addition to ‘steady state evaluatioms vs. rotor speed and vs, wind speed, some

time histories were extracted from the oscillograph records. They show starting
and furling processes and responses to gusts.

6.2.2 Statistical Data Processing

Five computer programs were developed for statistical data sampling using the
method of bins. The five programs sampled data as follows:

1. Two performance variables vs. wind speed, using only BASIC language;
2. One dynamic variable, (usually cyclic pitch amplitude) vs. yaw rate;

3 & 4. Two or six performance variables vs. wind speed using a high speed
sampling machine language routine; and

S, Six dynamic load variables vs. rotor speed.

The first program collected the mean value, standard deviation, the global
maximum and the global minimum of rotor speed and cyclic pitch amplitude for
each wind speed bin. The second program collected the mean and standard
deviation of the cyclic pitch amplitude for each yaw rate bin. From the
oscillograph records a clear dependence of cyclic pitch amplitude on yaw rate
was observed. It was decided to collect statistical data on this dependence.
The third and fourth programs collected statistical data required for per-
formance evaluation vs. wind speed bins. The fifth program collected statis-=
tical data for dynamic loads vs. rotor speed binms.

In addition to the five sampling programs, two analysis programs were developed.
The first program converted the digital voltage data stored in each bin array
into a graphical plot. The second program performed statistical data evaluation
of the rotor power vs. wind speed data and calculated and plotted the rotor
coefficient of performance as a function of average wind speed and for each wind
speed bin.

A more detailed description of these programs is presented in the following
sections. The documentation for these programs is presented in Appendix D.

6.2.2.1 Power—off Data vs. Wind Speed

The "Wind-2" program was developed to sample cyclic pitch amplitude and rotor
rpm as a function of wind speed bin using only BASIC language programming
commands., This was the first sampling program developed and was used to collect
data in autorotation before a faster and more sophisticated machine language
sampling program was developed. See Appendix D for details.
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The program sampled wind speed and rotor rpm input ports twice using BASIGC
commands available in the Apple command structure and then took the average of
each and stored the value. The program then sampled the cyclic pitch position
for approximately 1 sec (47 times), stored the values, and, after sampling,
determined the maximum and minimum value sampled. Next, the cyclic pitch
amplitude was determined by calculating one-half of the difference of the
maximum and minimum value, Using a 56 unit wind speed bin array based on a 0.5
m/sec bin width, values of the maximum, minimum, mean, standard deviation and
number of samples were updated for the current wind speed bin number for both
rpm and cyclic pitch amplitude.

The program had several control and monitoring features. The furl angle was
tested to insure it was set properly and that automatic furling had not
occurred. Since the rotor was tilted 8§ degrees, actual furl angles were a
geometric combination of rotor tilt and furl set angles. The program calculated
the required furl set angle for a chosen furl angle and insured the angle was
within limits for data sampling. The rpm was tested to insure the wind turbine
was not in a starting mode which could bias the higher wind speed bins if gusts
occurred during starting. Wind speed was tested to insure the winds were not
zero., 1f any of these tests failed, a message was printed to the user and the
bin arrays were not updated.

In addition, cyclic pitch amplitude was tested. If it approached the stop
limits, the speaker was toggled providing an audible warning and a visual
warning appeared on the screen. This alerted the operator to possible stop-
pounding during operation. \

Finally, machine performance was monitored by printing current values of wind
speed, rpm, cyclic pitch amplitude and tip speed ratio on the screen.

At the conclusion of data sampling, as determined by the operator, the bin array
data was output to a data disk and a "hard-copy" was produced on the thermal
printer.

A plotting routine using the Apple high resolution graphics capability was usad
to present bin data for analysis. Elapsed time of the test and approximate
rotor revolutions occurring during the test were also output.

The program was capable of sampling at a rate of about one sample for both
variables every 3.5 sec.

6.2.2.2 Cyclic Pitch Amplitude vs. Yaw Rate

The "Yawrate" program was developed to relate a dynamic variable, usually cvclic
pitch amplitude, to yaw rate using the method of bins based on yaw rate. The
program began by sampling yaw position and then sampled the real-time clock,
which read time in milliseconds and stored these values. Next, cyclic pitch
position was sampled for approximately one-half second (24 times) and these
values were also stored. Yaw position was then sampled again, followed by the
clock and the elapsed time was calculated. Knowing the elapsed time and the yaw
position before and after the cyclic pitch sampling, an approximate vaw rate in
degrees per second was calculated. The yaw rate was an approximation since it
assumed constant linear yaw rate over the 0.5 sec interval.
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There were 35 yaw rate bins, 1 degree per second in width, for both positive
(clockwise) and negative (counter clockwise) yaw rates.

After determining that the calculated yaw rate was within limits (i.e. between O
and 36 degrees per second) the cyclic pitch amplitude was calculated and the yaw
rate bin arrays were updated as was done for the "Wind-2" program.

At the conclusion of testing, as determined by the operator, both the positive
and negative yaw rate bin arrays were output to data disk and then to the
printer. The data was plotted for analysis using a graphical plotting routine.

The program monitored rotor rpm. Only data within specified rpm limits was
accepted by the program since cyclic pitch amplitudes were a function of rpm as
well as yaw rate.

Furl angle was set at the beginning of the test and held comstant during the
sampling.

Sampling was mounitored during operation and current yaw rate and cyclic pitch
amplitude were output to the video monitor.

6.2.2.3 Power—on Data vs. Wind Speed

The "Wind-6" program was developed and incorporates a machine language high
speed sampling program developed through consultation with '"Micro Systems
Development” of St. Louis.

The high speed sampling program was developed using assembly language mnemonics
for the Apple 6502-based microprocessor. Briefly, the program was used as a
subroutine of the Wind-6 program and sampled five input channels 128 times in
one second in a multiplexing fashion and then sampled eight more input channels
at the end of the high speed sampling routine. These data were stored in the
computer along with the 32 previous data sets (i.e. 32 previous seconds worth of
data). Next, the amplitude and the mean value were calculated and stored for
each "high speed" channel. In additiom, the global maximums and minimums for
all channels were stored as a function of bin number. Up to five rapidly varying
high speed dynamic channels and eight slowly varying dynamic channels were
sampled in approximately one second using BASIC to address the locations where
the mean values and amplitudes of the current sample set were stored. The bin
arrays were updated with data from each of the variables sampled. This was
accomplished by calling this subroutine.

The "Wind-6" program was developed to provide a wind speed bin analysis on six
variables using the high speed sampling routine. The variables chosen were rpm,
cyclic pitch amplitude, rotor power output, generator power output, rotor-to-
generator efficiency, and thrust loading. To determine instantaneous values of
these variables, the following signals were sampled using the high speed
subroutine. Rpm was sampled directly as a slowly changing variable, (i.e. once
per second). Cyclic pitch was sampled as a "fast" variable (i.e. 128 times per
second) and the current amplitude read at the stored address. Current rotor
power was determined by sampling rotor torque as a "fast" variable and reading
mean rotor torque at the stored address. This value, multiplied by present rpm,
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provided rotor power data. Generator power was determined by sampling generator
voltage as a "slow" variable (i.e. once per second), squaring the value and
dividing by the resistive load. Efficiency was determined by taking the ratio
of generator power to rotor power, while thrust was determined by sampling the
fore—aft yaw post strain gage value and dividing by the moment arm to the rotor
shaft.

Each of these quantities was sorted into appropriate wind speed bin arrays, and
plotted in graphical form as described in the "Wind-2" program.

The "Wind-6" program incorporated all the testing procedures and performance
monitoring features of the "Wind-2" program. In addition, atmospheric para-
meters for the test were input to the program and recorded so that the perform—
ance results could be corrected to standard conditions for nondimensional
coefficient calculation.

6.2.2.4 Rpm and Rotor Torque vs. Wind Speed (Fast Sampling Rate)

The "Wind-2 Fast" program was developed to enhance rapid data collection of two
significant variables as "fast" sampling wvariables. Although the machine
language sampling subroutine, described above for the "Wind-6" program was quite
fast, the time to sort the data in six bin arrays, perform the operational
testing procedures and output performance parameters averaged about 3.5 sec per
sample set. This resulted in vather lengthy tests to accumulate the data
necessary to determine meaningful bin values, especially with rapidly changing
wind conditions. Thus, the "Wind-2 Fast" program was an abbreviated version of
the "Wind-6" program with all extraneous features deleted. The program was used
to sample mean rpm and rotor power as fast variables (i.e. 128 times per second)
and store these variables in bin arrays. All testing for furl angle, rpm, etc.
was removed from the sampling itevation and video output was reduced to only the
two parameters being sampled.

This resulted in a 1.4 second iteration time per sample set compared with the
3.5 sec previously. Otherwise, the program coperated the same as the "Wind=-6"
program.

6.2.2.5 Load Amplitudes vs. Rpm

The "RPM-6" program, based on the high speed, machine language sampling sub-
routine, was developed to determine structural and cyclic pitch response to
varying rpm. The program operated in a manner directly amalagous to the "Wind-
6" program with wind speed bins replaced by rpm bins and performance variables
replaced by structural loads variables. The rpm bins were 8.8 rpm in width. The
variables sampled and stored in the bin arrays included cyclic pitch amplitude,
mean flap-bending amplitude and yaw post bending amplitude or front
accelerometer amplitude.

Each of these variables were sorted and stored in bin arrays and then plotted in
graphical form as described above.
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The only data output during the test was rpm bin number and warnings if furl
angle, rpm or cyclic pitch exceeded preset limits. These tests and warnings
were the same as described in the "Wind-6" program.

6.2.2.6 Plotting Routines

Bin array data was stored on the data disks as digital voltage values determined
directly from the A/D board output. These values were converted into
appropriate units and plotted on axes stored in binary form on the bin plot
disk, In addition, a plot was completed showing the log of the number of samples
vs, wind speed so that the sample distribution of the test was known. The
program used the high resolution graphics feature of the Apple computer system,
and printed the graph as desired on the Thermal Printer in either a standard or
expanded scale,

6.2.2.7 Coefficient of Performance Analysis

The "CP" program was developed to calculate rotor performance and mean wind
speeds based on the results of a performance test.

Bin array data for the desired rotor power test were read into the program along
with a standard atmospheric correction factor based on ambient pressure and
temperature recorded during the data collection.

First, using the number of samples present in each bin, the mean wind speed
occurring during the test was calculated. Next, using the number of samples in
each bin, mean wind power during the test was calculated using a corrected air
density (based on the atmospheric correction factor for the test period) and
rotor disk area using the equation

3 ‘

P=1/2 p A (6-1)

v,
corr., rotor wind

Then, the wind speed at mean power was calculated. Next, mean rotor power over
all bins was calculated and an average coefficient of performance for the rotor
during the test period was output. Finally, for each bin mean rotor power was
compared with power available at that wind speed and a plot of performance
coefficient vs. wind speed bin was output.

6.3 TEST RESULTS

6.3.1 Running Time

The following table indicates the number of days and hours the machine was
operated each month. During unattended periods the tower was resting on its
cradle in near horizontal position to protect the instrumentation from lightning
strikes.
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Table 6-4. LIST OF OPERATING DAYS AND HOURS

Month May June July August  September October Total
Test Days 3 3 - 8 13 14 41
Test Hours 3 12 - 11 22 48 96

To obtain the number of tower raisings, 5 must be added to the number of days,
since the tower was raised and lowered 5 times without testing.

Atmospheric testing began on May 23, 1980 and was interrupted on June 28, 1980
by lightning strikes which destroyed or severely damaged the instrumentation
despite the lowered position of the tower. Between May 23 and June 28, 1980
power-off conditions were tested. The month of July was spent repairing the
instrumentation damage. The test runs in August were performed to check out
repaired and additional new instrumentation. The first tests with power
extraction were conducted during September. The test runs were completed on
October 25, 1980. The figures which appear in the following sections include
the date on which the information presented in the figure was obtained.

6.3.2 Starting

As discussed in Section 6.1.9, the wind velocity required for self-starting of
the rotor depends on the system frictionm torque. The follgying values were
measured without rotation and at an ambient temperature of 10 C.:

e Without alternator belt, without starting motor 3.5 ft-1b
e Starting motor added 4.0 £t-1b
® Alternator friction torque added 5.0 ft=-1b
® Alternator belt added 6.0 £t-1b

Figure 6-12 shows the self-starting time history from an oscillograph record for
wind speed in mph, rotor speed in rpm, rotor power in kW and cyclic pitch
amplitude in degrees. The dips in wind speed are followed a few seconds later
by dips in rpm.

The acceleration between 30 and 120 rpm occurred in 30 sec at wind speeds
between 6 and 9 pmh (average 7 mph). The acceleration between 20 and 45 rpm was
accomplished in 20 sec at wind speeds between 4 and 12 mph (average 8 mph). The
initial acceleration to 20 rpm, not shown in Fig. 6-12, took several minutes.
The rotor could not get over 10 rpm at a wind speed of 12 mph. Finally a gust
with a 16 mph peak accelerated the rotor beyond the negative "hump" seen in Fig.
6-7. :




As shown in Fig. 6-12, a lull of wind speed to 2 mph extending over more than 10
sec lowered the rotor speed from 45 to 30 rpm. When the wind speed rose up to 3
mph, the rotor accelerated rapidly to 100 rpm and, after a dip to 80 rpm caused
by the dip in wind speed to 5 mph, accelerated further to 120 rpm. Rotor power
was negllglble up to 80 rpm but reached almost 1 kW at 120 rpm., The cyclic pitch
amplitude + B° which was initially between stops (+ 11.5 %) began to rapidly drop
above 60 rpm, and was only + 2% "at 120 rpm. As “will be shown later, it also
varied systematically with yaw rates resulting from wind direction changes. The
electric resistance load of the alternator of 6 ohm was present during the
entire test. Below 80 rpm it had almost no effect on alternator torque.

Though it would normally not be needed, starting has also been investigated in
furled positions. The larger the furl angle, the higher the wind speed required
for starting. Since power would not be extracted for the higher furl angles,
the starting tests were performed power-off. Figure 6-13 shows a time history
of power-off starting at 60° furl angle. The average wind speed was 15 mph., The
rotor speed rose rapidly to its equilibrium value of about 130 rpm. The cyclic
pitch amplltude was at the stop limit up to 50 rpm and then declined to a value
o
of 2° to 3° beyond 100 rpm.

The generator belt and the starting motor were taken off in order to determine
the effect of a lower friction torque for rotor speed. The friction torque was
reduced from 6 ft-1b 3.5 ft-1b. Figure 6-14 shows one of several self-starting
time histories taken in this configuration. The rotor accelerated promptly from
standstill and reached 40 rpm in 40 sec, in wind which varied between 6 and 12
mph (average 9 mph). It then rapidly accelerated to 160 rpm in 20 sec in a wind
of 10 mph average. This test showed that a reduction in friction torque from 6
to 3.5 ft-1b would be very effective in reducing the required starting wind
velocity. For the prototype blade version to be discussed later, analysis
indicates almost twice the starting torque would be available compared to Fig.
6-7.

When adding automatic furl control, it may be practical to use a spring for
furling and hydraulic pressure from a constant speed hydraulic governor for
unfurling. In case of oil pressure loss the rotor would be furled by the spring.
After stopping, the oil pressure would go to zero and the rotor would assume the
furled postion. For the purpose of starting, the turbine must be motored until
the o0il pressure is sufficient to unfurl the machine. This procedure has been
simulated and the result is shown in Fig. 6-15. The starter motor was turned on
in the furled position. After 30 sec when 20 rpm had been reached, the rotor was
slowly unfurled at a rate of 30/sec. The rotor began to rapidly accelerate at
about 30° furl angle and the starter was turned off when the fully unfurled
position was attained. The wind speed varied between 9 and 10 mph throughout
the starting procedure. This test showed that motored starting from a furled
postion is possible in a 9 mph wind provided that sufficient oil pressure for
unfurling would be available at about 20 rpm. If a spring were used for
unfurling and oil pressure for furling, a starter may not be necessary. To
protect against loss of oil pressure, an emergency furling device or a rotor
brake would be desirable. The advantage of an unfurling spring is that the
hydraulic governor could be driven through a centrifugal clutch so that it would
not cause a power loss until needed for overspeed prevention.
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Finally, a time history of motored starting in the unfurled position is shown in
Fig. 6-16. The wind speed is low and varies between 3 and 6 mph. The starter
was on during the first 40 sec up to about 40 rpm. Then the rotor accelerated
quite rapidly to 80 rpm driven ounly by the low wind speed. Over the last 40 sec
the average wind speed was 4.7 mph, the average rotor speed was 75 rpm resulting
in an average tip speed ratio of QR/V = 14.2. The data were taken during the
first run of the wind turbine on May 23, 1980.

In summary, the wind turbine accelerates rapidly at wind speeds as low as 5 mph
once the negative "hump" shown in Fig. 6~7 at 10 to 20 rpm has been overcome. To
produce power, the average wind speed must be over 8 mph. There may always be
gusts above this average wind speed of sufficient magnitude to get the turbine
across the negative "hump'". Once this is accomplished, there can be temporary
wind lulls down to very low wind velocities without reducing the rpm below the
"hump", and rotor speed will pick up rapidly when the wind speed returns. In a
prototype a starting motor may not be needed, particularly if the initial
friction torque of the system can be reduced. Due to the much reduced shank
length and the wider inboard chord, the prototype blade version has almost twice
the aerodynamic starting torque as the present blades according to the analysis.

6.3.3 Power-off Tests

Analog data taken with the oscillograph have been used to extract approximate
steady state conditions and to obtain time histories of furling processes and
gust responses. Digital data have been processed to obtain statistical
aerodynamic and load parameters during extended runs of one hour or more.

6.3.3.1 Power—-off Analog Data

Figure 6-17 shows the speed ratio V/QR vs. yaw angle (assumed equal to the furl
angle). The model test results and NACA test results from Fig. &4-3a are
superimposed. The full scale rotor autorotates at much lower speed ratios than
the model. In part this is caused by the lower blade solidity ratio, and inopart
by the higher Reynolds number. The discontinuity of the model curve at 50 yaw
angle, interpreted as a stall effect, is not seen for the full scale rotor
curve. The measured speed ratio curve blends into the NACA curve, which
probably is approximately representative also for the wind rotor. The
measurements were taken at 14 to 27 mph wind speed corresponding to 160 to 250
rotor rpm.

Figure 6-17 illustrates the difficulty of power-off rotor speed control at small
yaw angles. For example, a gust at zero yaw angle which doubles the wind
velocity would require a change in yaw angle (equal to furl angle) of 70°. The
first 30° of yaw angle change will not change V/QR and is thus ineffective for
the purpose of rotor speed control. 1In normal operation there is no need for a
power—off rotor speed control at low yaw angle. For power-off operation at high
yaw angle, required for storm survival, rotor speed control requires only gmall
yaw angle changes. For example, a doubling of the wind velocity from 60 yaw
angle operation at zero power would, according to Fig., 6~17, require a change of
yaw angle of only 20° and would be immediately effective. As will be shown
below, the automatic furl control was not capable of preventing sizeable
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overspeed from a gust when the unfurled rotor was operated power-off in
autorotation. This characteristic is evident from Fig. 6-17, Unfurled power-
off operation can and should be avoided except in the case of power failure.

Aleng the power-off operational %%ne in Fig. 6-17 the flap-bending amplitude
increases from + 1500 in-1b at 15 yaw angle to + 3100 in-1b at 80  yaw aﬁglee
The in-plane amplitude remains nearly comstant at + 1800 in-1b. The stresses in
the blade retention are quite low, up to + 240 psx for flaa~bendlngg and + 190
pei for in-plane bending. The cyclic pitch amplitude is + 2° to + 4 and is
affected by yaw rates resulting from wind direction changes. -

To establish the autorotational characteristics shown in Fig. 6-17, some low
furl angle tests were conducted power-off. The automatic furl control was set
to trip at 228 rpm. Figure 6-18a shows an automatic furling process initiated
by strong gusts that increased the wind speed at the anemometer location from 14
to 30 mph in 6 sec. Automatic furling began at 228 rpm and stopped &4 sec later
at 85° furl angle. The maximum rotor speed was 310 rpm at 45% furl angle.
Without furling, the equilibrium rotor speﬁd for 30 wph wind VelOCltY would be
540 rpm. A tip speed ratio of QR/V = 16 is assumed. The maximum flap bending
amplitude occurred directly after the initiacion of furling and was a 2P
oscillation of + 10,000 in-1b, coresponding to a stress of + 772 psi.

The maximum rotor torque amplitude occurring at the same time was a 4P oscilla-
tion with + 1660 in~1lb corresponding to + 1400 psi shear stress in the rotor
shaft. The maximum rotor thrust was about 320 1b estimated from & static flap-
bending moment of 16,000 in~lb. An overspeed condition' can occur in power-on
operation if the power suddenly fails. The test rvesults prove that the
overspeed condition is benign. Damage was not caused to any component, and the
dynamic loads and stresses remained well within allowable limits.

Figure 6-18b shows automatic furling in a mild gust that increased the wind
speed from 12 to 15 mph in 7 sec. The overspeed limit was set at 215 rpm and the
rotor speed reached 2 maximum of 225 rpm. Furling stopped at 60° furl angle when
the rotor speed was crossing the 215 rpm limit.

In another test the power was cut off at 165 rpm and simultaneous furling was
initiated. Figure 6-19 shows the time histories of wind speed, rpm and furl
angle, The rpm lneredsed from 163 to 225 in 3 sec and reached its maximum at
about 50° furl angle. 80° furl angle was obtained after 4.3 sec, From then on
the rpm steadily declined despite a brief gust from 16 to 21 mph, During this
gust the power was inadvertently turned omn for 2 sec without arresting the
decline in rpm. In both cases, that of Fig., 6-18 and that of Fig. 6~19, the rpm
increased power~off by 357 during furling and reached its maximum at about two-
thirds of the way to complete furling. To cover the emergency case of sudden
loss of power, the machine must be capable of withstanding, without damage, a
power—off ovefspeed of at least 35%.

6.3.3.2 Power-off Digital Data
Figure 6~20 shows results of digital dats acquisition for pawer“of%

c
Figures 6-20a is for 15° furl angle, Fig. 6-20b is the result for 43 furi
The first graph in each figure gives log N vs. wind speed bin, wher
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number of samples in the bin. The bin midpoints are at 0.5, 1.0, 1.5, 2.0, etc,
m/s wind speed. One or two points farthest to the right have been neglected
because they represent very few samples. The statistics are not meaningful for
these bins,

The second graph of each figure gives the mean and standard deviation of rotor
speed for each wind speed bin. The dotted lines represent constant tip speed
ratios (R/V = 5, 10, 15, and 20. In Fig. 6-20a, valid for 15° furl angle, the .
mean values of rpm represent tip speed ratios of more than 15 at the low end, and
tip speed ratios of less than 15 at the high end of wind speed and rpm. For a
steady wind the tip speed ratio is constant and, according to Fig. 6-17, has for
15° furl angle the value of R/V = 16. For fluctuating wind speed, the tip speed
ratio varies because the inertia of the rotor keeps the rpm lower than
equilibrium for gust peaks and higher than equilibrium for gust valleys. If one
computes the wind speed which represents the mean power in the wind,

3 1/3
= |3 ) -
Vyp = (3(VN)/EN) (6-2)
one obtains a tip speed ratio close to that found in a steady wind for the
corresponding bin. For example, V P for the sample distribution of Fig. 6-20a
has the value 3.6 m/s., For this vef%city the tip speed ratio is in fact close to
16, while at the low end it is 18 and at the high end it is 13,

The third graph of Fig. 6-20a shows cyclic pitch amplitude vs. wind speed. The
mean, standard deviation and global maximum and minimum for eacg wind speed bin
are plotted. For low wind speed the mean values are about .+ 37; for high wind
speeds they are about one-half this value. -

Figure 6-20b, (a furl angle of 45°) shows a lower tip speed ratio of about 12,
For steady conditions the tip speed ratio should be about 12.5 according to Fig.
6=17, and the digital data agree with the analog data. The trend toward higher
tip speed ratios at lower wind speed is also recognizable from Fig. 6-20b. The
trend is not as pronounced as in Fig. 6-20a, possibly because of the higher
number of samples taken or possibly because of the relative absence of fast
gusts. The third graph of Fig. 6-20b shows rotor power vs., wind speed., The
appreciable power at higher wind speed and higher rotor speed is either caused
by air pumping losses of the generator (windage loss) or by the tightening of
the belt from centrifugal forces., Without the alternator belt the rotor power
is quite small.

Loads are not presented for power-off conditions although they have been meas-

ured, The power-on dynamic loads at the same furl angle and rpm were found to be
either the same or somewhat higher than power-off,

6.3.4 Power-on Tests

Analog data taken with the oscillograph served the dual purpose of estimating
steady state characteristics and of obtaining time histories of special events.
Digital data were used to obtain the "bin" statistics over extended runs.
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$.3.4.1 Power—on Analog Data

4 considerable amount of time and effort was lost while taking performance data
with the second replacement alternator which was the first to be tested on the
wind turbine. According to the test data sent by Astral Wilcon, the second
replacement alternator compared to the first replacement alternator bench
tested by WUTA as shown in Table 6-5.

Table 6-5. ALTERNATOR POWER OUTPUT

Second Replacement FTirst Replacement
RPM watt, A.W. watt, WUTA
2000 260 il
3000 1100 680
4000 4000 2530
4500 6600 4600
5000 8500 6500
5500 2600 7780

The rotor to alternator gear ratio for the second replacement alternator was
selected as 21.4:1 instead of the original 25:1 ratio due to the higher power
output at a given rpm. Figure 6-21 shows a comparison of alternator power Vs.
rotor vpm for the A.W. bench test and for the installation in the wind turbine.

The oscillograph reading for the alternator ioad voltage was checked against the
meter reading whenever a steady condition was obtained for a few seconds. The
alternator power reached a maximum of 5 kW with increasing rpm. Beyond 5 kW the
power decreased rapidly with rpm. This contrasts with the power curve obtained’
by Astral Wilcon, also shown in Fig. 6-21. The rotor power reaches a maximum of
6 kW at 220 rpm and follows the tremd of the alternator power. The stator aud
field windings, capacitor and diodes were checked for shorts, but none could be
detected. According to Astral Wilcom, the alternator sheuld have a maximum
power of 5 kW without the tuning capacitor. The second version alternator may
have been mistuned. An overall system efficiency at the upper end of the power
curve of 0.75 to 0.80 was obtained by comparing the rotor power input from the
strain gage torque meter with the electrical altermator power output. This
efficiency includes the mechanical and electrical losses.

The early drop of rotor power with increasing rpm produced overspeed at re-
latively low wind speed. Figure 6-22 shows a case where & power-on overspeed of
282 rpm was reached at only 21 mph wind speed. The furl signal was not recorded.
The start of automatic furling is recognizeable by an increase in dynamic loads.
1t appears that furling was delayed, probably due to a malfunction of the tach
generator signal. Nevertheless, the rotor speed at 21 wmph should not have
exceeded 210 rpm with a normal altermator.

Despite extensive checks of all components involved in the altermator output,
the cause for early peaking of the power curve could not be determined. A
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magnetic pick-up to measure alternator speed was then installed. This made it
possible to check for belt slippage, which was found not to occur. The faulty
alternator was exchanged for the first replacement alternator, bench tested in
May 1980 by WUTA. Power-on tests with this alternator began on October 10,
1980, using the original overall gear ratio of 25:1.

First the effect of alternator resistance load was determined., Figure 6-23
shows the electrical power output vs. rotor rpm for 8.2, 6.0 and 5.3 ohm load
resistance together with the WUTA bench test result for 5.1 ohm resistance. At
the upper end of the power curve a 6 ohm load produces the maximum power, though
5.3 ohm gives only slightly less power. 8.2 ohm resistance is much worse at the
upper end of the curve, though there is a crossover at about 4 kW, so that a §.2
ohm resistance 1is somewhat better at the low end of the power curve. The
agreement of the wind turbine tests with the WUTA bench test is good. It was
then decided to conduct the remaining power-on atmospheric test with the first
replacement alternator. This alternator had the following configuration: 700
ohm field resistance, 28 stator windings, 50uF tuning capacitors, and a gear
ratio of 25:1.

Figure 6;24 shows rotor power vSs. rotor speed for the unfurled position (act-
ually 15~ yaw angle) and for 40 furl angle. The data were taken from oscillo-
graph records at periods where the rotor speed was approximately constant over a
few seconds. The solid line corresponds to a torque coefficient of C./0 =
0.0080, also shown in the analytical data of Fig. 5-7. With two exceptions’ the
measured rotor power points were reasonably well represented by the constant
torque coefficient line. This illustrates that the rotor power varied with the
cube of the rotor speed. The two highest rotor power points were taken during a
period of rotor acceleration. When the measured shaft torque was corrected by
the inertia torque from the angular rotor acceleration, the corrected rotor
power values agreed with the cubic power cyrve. For example, at 250 rpm the
acceleration was 15 rpm/sec or 1.57 rad/sec”. The torque correction is,

AQ =1.57 X 65 X 12 = 1200 in-1b (5-3)

where a rotor moment of inertia of 65 slug ft2 is used. The shaft torque was
3660 in-1b. The corrected torque is 3660 + 1220 = 4880 in-lb. The rotor power
computed with this torque is 14.6 kW at 250 rpm rather than 11 kW found without
the inertia torque correction. In the same way the second point was corrected,
increasing the rotor power at 230 rpm from 6.6 to 11.4 kW,

Figure 6-25 shows the same measurements including the two corrected values in a
graph of rotor power vs. wind speed at the anemometer site. Again the unfurled
condition (15° furl angle) is compared to the condition with 40° furl angle.
The two solid lines represent C_ = 0.38 and C_ = 0.14 which one would expect from
the analytical graphs of Fig. 5=7 for a = 90°"and 2 = 50° respectively, although
there is more scatter in Fig. 6=25 than in Fig. 6-24, the two analytical curves
are a reasonable representation of the measured values. This will become more
evident from Table 6-6. The values of mph in brackets are those on the curves of
Fig. 6-25 for the measured rotor power. The difference between the measured and
analytical wind speed values for each measured rotor power was in most cases
small, The last two rows for 15° furl angle data include the rotor power
corrected for inmertia rotor torque. The efficiencies for these two conditions
were low since the alternator power input was only from the shaft torque, not
from the corrected torgue.
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Table 6-6. ANALOG PERFORMANCE DATA

UNFURLED (15°)

Rotor Power Alt. Power
rpm mph (mph) kW kW Efficiency
120 10 (10.4) 1.2 o6 .50
150 16.5 (13.6) 2.4 1.7 .71
160 16.5 (16.5) 3.8 2.3 .61
174 17 an 5.2 3.7 072
177 18 (18) 5.7 4.1 12
186 22 (19) 6.7 5.0 .75
195 20 (19.3) 7.0 5.8 .82
202 21 (21.5) 7.3 6.2 .84
210 21 (20.4) 8.4 6.9 .82
220 23 (21.2) 9.5 7.7 .81
230 22 (22.5) 11.4 8.0 .70
250 24 (24.5) 14.6 8.7 .60
FURLED (40°)
135 17 an 1.6 1.1 .68
160 21 (21.5) 3.8 2.3 .61
190 25 (26.4) 6.9 5.4 .80
210 27 (28.4) 8.4 6.8 .81

in summary, the steady state analog data up to 40° furl angle indicate that the
wind rotor had characteristics close to those that would be predicted by Fig. 5-
7. Note, for example, that 8.4 kW rotor power was produced for 210 rpm unfurled
at 21 mph and 40 furled at 27 mph. The efficiency for those conditions was
about 80%. The losses included mechanical friction from bearings, gears and belt
and the electrical alternmator losses. At lower rotor speed and rotor power the
efficiency was much lower. The analog data will be substantiated and expanded
by the digital data presented in gection 6.3.4.2

Figure 6-26 shows one of the many recorded time histories of power-on automatic
furling. The initiation of furling was set at 228 rpm and gust wind rising to
30 mph tripped the furling relays. The rotor speed reached 250 rpm. The furl
actuator stopped at 70 furl angle when the rpm decreased to the 228 rpm set
point.

Figure 6-27 shows the time history of a power—on gust wind peaking at 36 mph.
The automatic furling device had been switched off, so that the machine was in a
manual furling mode. The operator, not expecting the stromng gust which doubled
the wind speed from 18 to 36 mph at the anemomenter site within & sec delayed
manual furling by about & sec. Furling came too late to prevent a rotor
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overspeed to 360 rpm which occurred 2 sec after the peaking of the gust. This
was the highest wind velocity and the highest overspeed encountered. A careful
check after the event revealed mno damage. The alternmator experienced an
overspeed to 9000 rpm. According to the manufacturer it is designed for 10,000
rpm. The tach generator experienced 5400 rpm; it is designed for 4000 rpm. The
aerodynamic rotor power including rotor inertia torque nearly reached 30 kW.
The alternator power output at 9000 rpm was only 5.5 KW which explains the rapid
increase in rotor speed. The alternator power probably peaks at about 7000 rpm
and then rapidly declines with increag}ng Tpmg During the delayed furling the
cyclic pitch amplitude went up from 3° to 113 the shaft torque 4P amplitude
went up from 660 to 3300 in-1b.

6.3.4.2 Power—-on Digital Data

Figures 6-28 and 6-29 shoy the performance sampling results of power—on Tuns in
the unfurled position (15°) and in the 45 furl position respectively, in winds
from the northwest and west. The data for the upper end of the wind speed scale
were biased if frequent automatic furlings occurred during the test tun.
Sampling was interrupted during furling and unfurling. The two runs presented
in Fig. 6-28 and 6-29 were performed in wind conditions without automatic
furling. Figure 6-28a and 6-29a show the smooth sampling distributions for both
runs. 1In contrast, sampling distributions taken in south wind were ragged with
substantial differences in the number of samples for adjacent wind speed bins.
The other measured variables also showed much more scatter and the average C
values were substantially lower with southerly winds. The wind reaching the
site from the south passes over woods that extend close to the site. Apparently
the wind from the south is quite turbulent and degrades machine performance.
Only tests in winds from the west or northwest are presented for performance
evaluation. Winds from the south are included for load data. The point to the
farthest right in Fig. 6-28a and 6-29a has been neglected because it represents
too few samples.

Figures 6-28b and 6-29b show a similar pattern for rpm vs. wind speed to those
discussed for the power-off test results, Fig. 6-20. Toward the high end of the
wind speed scale the tip speed ratio is lower, and toward the low end of the
scale the tip speed ratio is higher, The rotor power shown in Fig. 6-28c and 6~
99c has a substantial standard deviation in each wind speed bin caused by rpm
variation and by the sensitivity of rotor power to rpm indicated by Fig. 6-24.
The generator to rotor efficiency of Fig. 6-28d shows efficiencies of over 0.80
for the higher wind speeds, but very low efficiencies for lower wind speeds.
Much of the wind turbine operation will be at wind speeds of 5 to 6 meter per
second (11 to 13 mph) where the generator to rotor efficiency is only 40%.
Although the distribution between mechanical and electrical losses is not known,
it is likely that most of the ioes is electrical and caused by the tuning
capacitors needed to increase the peak power output from 5 ¥ to 8 kW, Obviously
a prototype should mnot use the alternater in its present configuration.
Subsequently, we will ignore the alternator performance and only present the
rotor performance.

Figure 6-28e shows the rotor thrust in newtons. To obtain pound force divide
the number of newtons by 4.45. The rotor thrust is obtained by dividing the yaw
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post bending moment by the distance from the upper yaw bearing to the rotor axis
(205 in). From Fig. 6-28e, the rotor thrust at 9 m/sec (20 mph) is 1200 newtons
(270 1b).

Figure 6-28f and 6~29d show the mean aerodynamic rotor efficiency, C_, for each
wind speed bin. At low wind speed C_ is large; at high wind speed CP is small,
The reason is that the rotor rpm and fotor power in wind gusts is lowdr than for
steady state operation, since the rotor speed cannot follow the gust. In wind
lulls the rotor rpm and rotor power is higher thanm for steady state operation.
The mean aerodynamic efficiency, C_, has been computed by relating the mean
rotor energy during the entire run £o0 the total energy in the wind.

zNPR
C_ = _3 (6=4)
P ZZ%-A oV

where P_ is the mean rotor power in each bin, and V is the mean wind speed in
each bin,

Since the samples were taken in constant time intervals, the above expression is
the ratio of the time-averaged rotor power over the time-averaged wind power.
For the test run represented by Fig. 6-28, C_ = 0.463 for that represented Fig.
6-29, C_ = 0.18. p is the air densitypduring the test rum obtained by
correctfﬁg its standard sea level value for test site ambient temperature and
pressure. This correction factor was 1/1.033 for Fig. 6~28 and 1/1.043 for Fig.
6-29. The average C_ values are higher than the values of C = (.38 and 0.12
shown in Fig. 5-7. P

The correction from the wind speed measured at the anemometer site to the wind
speed at the rotor center is not known and may bring the cited C_ value down. If
one uses the wind profiles measured at the UMASS 25 kW wind tubbine site (Ref.
12), one would conclude that the rotor center sees a 5% higher wind speed than
the anemometer. The cited C_ values would then be reduced by 15%Z. The boundary
layer profile at our test sitle could be quite different. In any case it appears
that the storage of wind energy in the rotor during gusts and its release during
lulls is quite efficient. A certain amount of loss compared to steady state
operation is unavoidable. The rotor operates both above and below the tip speed
ratio for maximum C_, similar to a constant speed wind rotor, but with less
variation of the tippspeed ratio.

In summary, the measurements have shown that the two-bladed wind rotor with
passive cyclic pitch variation performs about as ezpected. The cyclic piteh
variation does not degrade the performance and may actually enhance it due to
the rapid adaptation of the machine to changes in wind direction.

Figures 6-30 show the digital data correlatien between cyclic pitch amplitude
and yaw rate., It had been observed that yaw rates in the Ffurl direction
(counterclockwise seen from above) cause higher cyclic pitch amplitudes than the
opposite yaw rates. The reason is that even without yaw rate there is a certain
cyclic pitch amplitude with the phasing of that caused by a yaw rate in the furl
direction, so that these two effects superimpose. The digital program
differentiates between the two yaw rate directioms. Figure 6-30a and b refer to
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yaw rates in furl direction. Figure 6~30c and d refer to yaw rates in opposite
direction. It is clearly seem that the cyclic pitch amplitude increases with
yaw rate and is larger for the furl direction than for the unfurl direction.

Figures 6-31 show EPE results of the loads digital program for 30° furl anglie.
The results for 15 furl angle are almost the same and will not be presented,
The fore-aft accelerometer data have been omitted since the acceleration amp-
litude did not exceed + 0.1 g. Contrary to the loads from the oscillograph
records, the bending moments in the digital programs are given in newton meters
rather than in inch pounds. (8.85 in-1b = 1 N-m). The graphs represent volt vs.
rotor rpm. The relation between the volt scale and the physical units is noted
in the title of each graph. Figure 6-3la shows the sample distribution. The
point to the farthest right represents only three samples and has been
neglected. Figure 6-3lb shows the mean flap-bending moment. The highest mean
value is 4.1 x 355 = 1455 N~m. Assuming the aerodynamic center to be at 2/3 of
the radius at 2.5 m, the rotor thrust is 2 X 1455/2.5 = 1164 N (260 1b), close to
the rotor thrust of 1200 N from the yaw post bending shown in Fig. 6-28e at 9
m/sec wind velocity. Figure 6-3lc gives the maximum mean value of the flap=-
bending amplitude of 276 N-m or 2440 in-1b. Figure 6-31d gives the maximum mean
value of the in-plane bending amplitude of 204 N-m or 1745 in-1b. Figure 6-3le
shows the vertical boom-bending amplitude which is equal to the yaw post bending
amplitude at the upper yaw bearing. Its maximum occurs at the vertical boom 1P
resonance, about 160 rpm and is 290 N-m or 2566 in-lb. These dynamic loads agrae
reasonably well with the values obtained from oscillograph records, They
represent very low alternating stresses, see Table 63. Finally, Fig. 6-31f
shows the cyclic pitch amplitude vs. rpm. Its mean of + 57 at 50 rpm decreases
to a mean of + 3 at 200 rpm.

6.3.5 Loads Survey

Measured dynamic loads have been given throughout the presentations of atmos-
pheric test results. Here these loads are summarized and discussed.

6.3.5.1 Steady States

More or less steady state conditions have been identified from the oscillograph
records. For such conditions both rpm and wind speed did not change much over
several seconds. From the records taken on September 9, 1980 four steady state
points were selected at 125, 150, 162 and 171 rpm. The rotor was unfurled (15°).
The generator to rotor gear ratio was 25:1. The second replacement generator
was installed which had a different power-rpm relation than the first
replacement generator used for most tests. The dynamic loads were not much
affected by this difference.

Figure 6-32 shows moment amplitudes vs., rpm. The vertical boom bending moment
was not plotted because it was almost equal to the yaw post bending moment. The
in-plane blade bending moment was not plotted because it was almost independent
of rpm and equal to about + 1800 in-1b, see Fig. 6-31d. It orginated almost
exclusively in the 1P gravitational blade moment. As mentioned before, the
bending moments were not those at the location of the strain gages but rather at
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Figure 6-31la.

SAMPLE DISTRIBUTION, LOG (N) SAMPLES VS.
FURL ANGLE, 1l October 1980
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MEAN FLAP BENDING V5. RPM FOR 30 DEGREE FURL ANGLE,
1.0 Volt = 355 NM Flap Bending, 11 October 1980
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Figure 6-31d.

IN-PLANE BENDING AMPLITUDE VS. RPM FOR 30 DEGREE FURL ANGLE,

1.0 Volt = 245 NM In-Plane Bending
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Figure 6-3le. VERTICAL BOOM BENDING AMPLITUDE VS. RPM FOR 30 DEGREE FURL
ANGLE, 1.0 Volt = 290 NM Boom Bending
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the natural reference locations., The yaw post bending moment is taken at the
upper yaw bearing, the tail boom bending moment at its hinge, and the blade
bending moment at the rotor center. Figure 6-32 indicates that between 125 and
171 rpm all moments peak at about 160 rpm which is the resonance rpm for vertical
boom bending. Yaw post and vertical boom oscillate with 1P, and so does the in-
plane blade moment not plotted in the figure. The £flap~bending moment
oscillates with 2P, and the horizontal boom bending moment and the shaft torque
oscillate with 4P. This may indicate a coupled mode. The stresses at the strain
gage locations are quite small. Using the values of Table 6-3 one obtains the
maximum alternating stresses for steady conditions shown in Table 6-7.

Table 6-7. MAXIMUM LOADS FOR STEADY STATES UNFURLED (15°)

Maximum Maximum
Alternating Moment Steady Moment Yield
Component in-1b psi in-1b psi psi
Yaw post 2,700 1,100 15,000 6,150 75,000
Tail Boom 2,700 260 15,000 1,420 30,000
Blade Flap-Bending 1,900 150 20,000 1,540 30,000
Blade In-plane
Bending 1,800 200 2,000 220 30,000
Rotor Shaft Torque 600 500 4,000 3,360 100,000

The maximum steady moments and stresses shown in Table 6~7 are based on the
following assumptions. The maximum steady yaw post and boom moment originates
in the gravity moment of the tail boom of 15,000 in-1b. The maximum blade flap-
bending moment originates in the thrust. 200 lb thrust per blade acting at the
100 in station has been assumed without including centrifugal relief. The
maximum steady in-plane moment originates in the torque per blade of 2000 in-1b,
and the maximum steady rotor shaft torque is 4000 in-1b. The steady moments are
merely rough estimates in order to see the alternating moments and stresses in
perspective., Both steady and alternating stresses must be considered to
determine fatigue margins. The yield limits in the last column are also
approximate values. The rotor shaft is much more highly stressed from the
torque arm of the shaft mounted gear box. As mentioned before, the alternating
stress from this source is about + 10,400 psi in addition to the steady 3360 psi
from the torque. In view of the high strength material of the rotor shaft, the
safety margin is quite high. The yaw post gravity moment is really not a steady
load since it varies with furl angle so that it will occur with a certain number
of load cycles.

6.3.5.2 Transients

Rather than selecting steady state conditions, we will present the maximum loads

encountered for a given rpm. The effect of furl angle on the loads cculd only be

determined at lower rotor rpm values., The high wind speeds required for
. . o

sustained rated rpm at larger furl angles were not available. 30  furl angle
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was tested up to 200 rpm, and 45° furl angle up to 144 rpm. Table 6-8 gives a
comparison of the maximum loads for four furl angles.

Table 6-8. EFFECT OF FURL ANGLE ON LOADS

Yaw Post Flap-Bending Torque

Furl Angle rtpm mph + in-1lb + in-1b + in-1b  Power
15° 160 10 3500 1900 600 of £
15° 160 21 2800 1900 670 on
152 200 27 4100 2500 1170 on
307 160 24 3500 2800 670 on
30, 200 24 3500 3100 1160 on
45° 144 22 3700 4400 670 on
80 160 27 2800 3100 of f

The in-plane bending moment remained at about + 1800 in-1b independent of furl
angle and rpm. The vertical boom bending moment was always nearly equal to the
yaw post bending moment, while the horizontal boom hending moment was lower.
The stresses for the maximum loads are shown in Table 6-9.

Table 6-9. MAXIMUM STRESSES

Component Stress + psi
Yaw post 1680
Tail Boom 390
Blade Flap Bending 340
Blade In-plane Bending 200
Rotor Shaft Torque 980

Though the stresses are in part substantially higher than for the steady states
shown in Table 6-7, they should be well below the inifinite life fatigue limit.

6.3.5.3 Overspeed Conditions

Several overspeed conditions were encountered due to testing outside the normal
operational envelope. Figure 6-18a shows one overspeed case where power-off
operation in unfurled condition led to a 310 rpm overspeed in a strong gust.
Only blade flap-bending and rotor torque were measured. They reached a maximum
of + 10,000 in-1b (2P) and + 1660 in-1b (4P) respectively.

Another overspeed case up to 360 rpm, shown in Fig, 6-27, was caused by delayed
furling in power-on operation. The only load measured during this overspeed was
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the rotor torque amplitude which reached 3300 in-1b (4P) during furling. The
torque amplitude was only 660 in-1b despite the high rpm prior to furling.
Table 6-10 compares the known overspeed loads with the loads at 200 rpm.

Table 6~10. OVERSPEED LOADS

Flap~-Bending Torque
rpm mph in-1b psi in=1b psi Power
200 27 2,500(2pP) 190 1,170(4P) 980 on
310 30 10,000(2P) 770 1,660{(4P) 1,400 off
360 36 3,600(4P2) 2,700 on

The large 2P flap-bending load is probably caused by the coning mode which has a
2P resonance at 280 rpm, see Fig. 5-9a. The large 4P torque may be caused by the
symmetrical in-plane mode which, according to Fig. 5-9a, has a 4P resomance at
220 rpm, but which may be modified by coupling with a boom mode. Furling at all
rotor speeds produces rather high 4P torque amplitudes. Even the highest
overspeed stress amplitude of + 2770 psi from torque is small compared to the
rotor shaft bending stress of iflO,hOO psi caused by the torque avm of the shaft
mounted speed reducer. One-half of the 3300 in-1b torque are in the blade root,
causing a stress there of only 180 psi. Although the overspeed stresses during
the furling are several times higher than the stresses at 200 rpm, they do not
represent any structural risk.

6.4 IMPROVEMENTS FOR PROTOTYPE
Several atmospheric test equipment deficiencies have been observed which should

be corrected in a prototype design. They are discussed individually in the
following subsections.

6.4.1 Rotor Improvement

The rotor blade used for the test rotor was adoptad from the Astral Wilcon Model
10B wind turbine. As Fig. 6-33 shows, it had a long shank section which produced
drag but no torque. Also, the power output was reduced compared to the three-
bladed Model 10 by using only two of the three blades, see Fig. 5-2 and 5-3. A
two-bladed rotor was analyzed for the prototype that would compensate for this
loss of power by using a slightly longer blade and by reducing the shank length.
Figure 5-5 shows that the two-bladed prototype rotor would reach the same C

value as the three-bladed Model 10 rotor, though at a higher tip speed ratio?
thus requiring a smaller generator to rotor gear ratio. Figure 6-33 shows a
comparison of the two-bladed planforms and the graphs for chord, twist and
section thickness. An analysis similar to that performed for Fig. 6-7 shows
that the prototype rotor has twice the starting torque of the test rotor. The
increase in starting torque for the prototype rotor is due to the increased
blade area close to the rotor center, While the atmospheric tests showed that a
gust up to about 14 mph is needed to overcome the negative hump in Fig. 6-7, the
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production rotor should require a gust of only 10 mph to overcome the negative
hump during self-starting. The blade retention would be greatly shortened and
simplified. The cast aluminum clamps would be eliminated and the rectangular
blade shank would be bolted directly to the blade retention channels., The blade
surface would also be greatly improved by using a metal mold rather than the
reinforced epoxy mold in which the present blades were formed. One could
therefore expect a greater performance increment than that indicated by the
analysis in Fig. 5-4 and 5-5.

6.4.2 Generator Improvement

As Fig. 6-28d shows, the generator efficiency drops off rapidly with lower wind
and rotor speed. The tuning circuit may cause this drop. A different tuning
circuit could possibly be fitted to the alternator that would optimize the
yearly energy output rather than maximize the peak power. Another possibility
is to automatically disconnect the tuning circuit for the lower rpm values. As
seen in Fig. 6~20b3, a sizeable rotor power was measured when the load
resistance and the field were disconnected. The cause for this high mechanical
loss should be determined. If it is the timing belt tension increase with rpm, a
design with a direct drive alternator through a speed reducer with higher gear
ratio would decrease the mechanical loss. This is probably a very desirable
improvement anyway. We encountered cases of timing belt slippage. They were
eliminated by increasing the belt temsion. The need for adjustments at frequent
time intervals are unacceptable in a prototype. Also, the belt would be
destroyed by extended periods of slippage. It could well be that the con